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NOMENCLATURE 

k  soil  thermal  conductivity 

k3  thermal  conductivity  of  air 

kf  thermal  conductivity  of  fluid  in  soil 

thermal  conductivity  of  ice 
A  q  thermal  conductivity  of  quartz 

k„  thermal  conductivity  of  soil  solids  other 

than  quartz 

kt  thermal  conductivity  of  soil  solids 

A.\v  thermal  conductivity  of  water 

k  ||  thermal  conductivity  of  quartz  parallel 

to  the  c-axis 

t,  thermal  conductivity  of  quartz  perpen¬ 

dicular  to  the  c-axis 
n  soil  porosity  (fractional) 

«c  volume  of  series  fluid  in  unit  soil  volume 

clay  content  as  a  fraction  of  soil  solids 
degree  of  saturation  of  soil  (fractional) 
sxv  sensitivity  of  thermal  conductivity  of  a 

soil  to  variations  in  moisture  content  at 
constant  dry  density 


sy  sensitivity  of  thermal  conductivity  of  a 

soil  to  variations  in  dry  density  at  con¬ 
stant  moisture  content 
t  temperature 

T  absolute  temperature 
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ume 
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volume 

a  thermal  structure  value  (Smith  method) 

soil  dry  density 

■  Jc/  'ki  sensitivity  of  thermal  conductivity  of  a 
soil  to  variation  in  soil  solids  thermal 
conductivity  at  constani  degree  of  sat¬ 
uration 
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EVALUATION  OF  METHODS  FOR  CALCULATING 
SOIL  THERMAL  CONDUCTIVITY 


Otnar  T.  Farouki 


INTRODUCTION 

The  L’.S.  Army  Cold  Regions  Research  and  Engi- 
neering  Laboratory  monograph  entitled  Thermal 
Properties  of  Soils  (Farouki  1 08 1 )  describes  the 
various  methods  that  are  available  tor  calculating  the 
thermal  conductivity  of  soils.  In  chronological  older, 
these  are  the  methods  of  Smith  ( 1 042 ).  Kersten 
( I  949 ),  Micklev  (1451).  Gemant  ( 1052).  De  Vries 
( 1452  and  1463),  Van  Rooyen  and  Winterkorn 
(1454),  Kunii  and  Smith  (1460),  the  modified  re¬ 
sistor  equation  (Woodstde  and  Messmer  1461 ),  Mc- 
Gaw <  1 469)  and  Johansen  ( 1975 ). 

This  report  shows  in  detail  the  predicted  'hernial 
conductivity  values  given  by  these  methods  for 
appropriate  types  and  conditions  of  soils.  This  is 
done  for  unfrozen  and  for  frozen  soils  having  a 
range  of  moisture  contents  and  dry  densities.  For 
each  method  and  each  soil  condition,  the  sensitivity 
of  the  calculated  thermal  conductivity  value  to 
variations  in  moisture  content  and  dry  density  is 
determined. 

These  methods  are  evaluated  by  comparing  their 
predictions  with  experimental  data  from  soils  of 
known  composition.  A  computer  program  is  used  to 
calculate  the  deviations  of  the  predicted  values  from 
the  experimental  values  for  soils  with  certain  proper¬ 
ties.  The  conditions  of  applicability  and  the  extent 
of  validity  of  each  of  these  methods  are  thus  de¬ 
termined.  From  this  follows  a  recommendation  of 
the  method  or  methods  to  apply  to  soils  of  different 
types,  which  may  be  frozen  or  unfrozen,  range  from 
dry  to  saturated  and  have  varied  dry  densities. 


Because  ol  the  extreme  complexity  of  sol!.. . 
ol  their  behavior,  a  semi-empirical  approach  to 
calculation  of  then  thermal  conductivity  is  ess- 
and  is  followed  heie.  Hence  the  methods  men.  , 
being  either  theoretically  based  with  empirical 
fications  or  totally  empirical,  are  tested  against  ex¬ 
perimental  data  to  determine  the  conditions  ol  their 
validity  in  practice  and  to  enhance  their  trustwoith- 
irtess  under  these  conditions. 


ANALYSIS  OF  METHODS  FOR  CALCULATING 
THERMAL  CONDUCTIVITY 

Introduction 

In  order  to  perform  a  detailed  analysis  of  the 
thermal  conductivity  equations  resulting  from  the 
various  methods,  computet  programs  of  these  equa¬ 
tions  were  prepared.*  The  main  input  parameters 
were: 

1 .  Specific  gravity  of  the  soil  solids,  taken  as  2.70 

2.  Temperature 

3.  Thermal  conductivity  of  water /cM  and  of  ice 
A\  at  that  temperature 

4.  Effective  thermal  conductivity  of  the  air 
(allowing  for  moisture  migration  in  the  manner 
suggested  by  De  Vries  1 963 ) 

5.  Thermal  conductivity  of  the  soil  solids  ks 

6.  Moisture  content  rv 

7.  Dry  density  >d. 


•The  programming  was  done  by  S.A.  Janies  Clarke  and 
Albert  Smith  on  the  ICL  I906S  computer  or  the  Queen's 
University  of  Belfast  using  FORTRAN  language. 


Tlic  last  two  properties  were  vaued  over  .1  wide  i.mgc 
so  that  then  mtlueilee  011  the  soil  thermal  conduc¬ 
tivity  could  be  deteiimned. 

The  eoinputei  piuuout  piowdcd  the  them1.1l  con¬ 
ductivity  values  predicted  by  the  equations  foi  the 
given  input  data.  Calculations  weie  made  foi  both 
the  unfrozen  and  the  lio/en  eonditions.  hi  the  laitei 
ease  the  unfrozen  water  content  was  assumed  to  be 
zero  toi  tins  sensitivity  analysis.  As  was  set  al  X.O 
W, in  K  for  coarse  soils  and  at  Ml  W  in  K  toi  line  soils. 

The  moisture  content  re  was  vailed  at  constant 
drv  density  7  f  todeteiiniue  the  sensitivity  ol  the 
tiler m:il  conductivity  to  vaiiatioiis  in  re  In  anothei 
series  of  calculations.  7a  was  varied  at  constant  ic 
tit  evaluate  the  influence  of  7  ,.  The  sensitivity  ol 
the  theimal  conductivity  to  A^  was  also  deteiimned 
bv  vary  mg  A^  1 10111  2.0  lo  X.O  W  in  K.  keeping  both 
the  degree  o!  saturation  S  and  the  div  density  con¬ 
stant . 

Tor  the  unsaturated  iro/en  condition,  only  the 
methods  of  Keisten.  Mickley  .  l)e  A  ries  and  Johansen 
could  be  applied.  Toi  the  iinsatuialed  unfrozen 
condition,  these  were  applied  together  with  the 
Cieniani.  Van  Rooyen  and  McGavv  methods.  In  the 
samraied  state,  frozen  or  unfrozen,  the  method  01 
Kunii-Smitli  and  the  modified  resist 01  equation 
eould  additionally  be  applied.  Tor  diy  soils,  the 
methods  id  Smith.  Mickley  .  De  Vries  and  adjusted 
De  Vries.  Van  Rooyen.  kunii-Smith.  modified 
resistor,  McGavv  and  Johansen  were  applicable. 

The  results  of  the  sensitivity  analysis  aie  given 
and  discussed  in  the  next  three  sections. 

Influence  of  moisture  content  on  thermal 
conductivity 

Thermal  conductivity  values  were  calculated  at 
a  constant  for  moisture  contents  varying  from 
the  drv  to  the  near  saturated  condition  in  increments 
of  5'-'.  This  procedure  was  repeated  for  different 
dry  densities  in  increments  of  0.1  g/cni-'  from  a  7i( 
on. I  g/cnv5  to  one  of  2.1  g/cni-'.  The  results  for 
unfrozen  coarse  soil  (As  =  8.0  W/ni  K)  at  4°C  are 
shown  in  Figure  I  while  those  for  unfrozen  fine 
soil  (A's  =  2.0  W/m  K)  are  given  in  Tigttre  2.  Seven 
methods  are  applicable  (o  unfrozen  soil:  Kersten. 
Mickley  .  Gemant.  De  Vries,  Van  Rooyen.  McGavv 
and  Johansen*,  except  that  Kersten  and  Gemant 
do  not  apply  for  the  dry  or  nearly  dry  condition. 

Tor  frozen  coarse  or  fine  soil  four  methods  are 
applicable:  Kersten.  Mickley.  De  Vries  and  Johansen 
The  resulting  curves  are  shown  in  Figures  3  and  4. 

Tlte  sensitivity  of  die  thermal  conductivity  to 
hTO  at  constant  7d  is  given  In  Tables  1  -4  for  four 
representative  values  of  7().  These  tables  give  the 

•Mention  of  the  method  name  in  the  text  implies  appli¬ 
cation  of  the  associated  equations. 


absolute  sciisilmiv  expu-ssed  .is  die  .ihxoliMe  m 
cicase  111  the  diciiii.il  coiidmimiv  pc;  I  imic-i'c 
111  ic  (designated  In  ,vw  ).  I!\  cxpicsunc  this  \.duc 
.IS  .1  pciccllljgc  ol  lllc  lllcllll.il  s '  ‘1  id  11  v  1 1 V 1 1 '.  (  lake!, 
ill  the  middle  o!  the  assn,.  1.1  led  imqstuic  1  ■  ■  1 1 1  c- 1 , 1 
1  .luge I  J  ijJiic  ’01  die  "•ci.imc  'CJ;si nv  1 1  v  ”  .1 
obtained.  I  xcept  bn  Muhicv  .hr!  M,(,.iv.  i 
ci cases  as  die  unqsluie  ,1. nielli  iiuic.i'es 

I  iguies  s-s  compaie  the  absolute  and  icl.iiive 
sensiliv Hies  1 1 u  die  sei en  melln  >ds  a t  .1  .  ■  ■:  1  ■  ■ . 

7  j  ol  1  .4  g  1 111 '  With  one  01  tw o  c \  ii-pi ions  d, 
pal  tci  11  ol  1  el. 1 1 1\ e  seii'it i\  n ies  is  siuul.i i  10  : i,., >  ■ 

ahsohne  sensitivities.  I  01  ui.'iozen  cc.i  'c  -d 
(Tig  5l  Johansen.  Ik  V  ues  and  V  .111  Roovei,  show 

eonip.iiativelv  high  sciisiuvnies  lioui  die  dr.  ,n  ■ 
dition  10  .1  ic  ol  aioimd  '.5  BevoiiJ  iius  n  .hi 
die  sensitivities  dcciea'c  in  .1  loiighlv  'i:;;i!.u  maiiiic; 
except  toi  those  tioni  Mickley  and  Md.aw  wi  nk 
.uc  siiijll  and  inciea.se  xhgbilv  . 

In  1  lie  case  ol  mil  1  izcii  line  soil  (Fig.  ti-tail  die 
methods,  except  Mr  ,ey  and  Mcti.iw  .  give  louchh. 
simi].n  bends  The  seiisiuvilies  genci.illv  decease 
appreciably  as  ic  inci eases  above  ”.5  .  Ii  m.iv  be 
noted .  how  eve  1 .  that  Johansen  gives  a  maxim  1111 1 
at  about  ic  -  wlulc  A  an  Roovcn  gives  a  maxiiiuu 

al  about  ic  =  15',.  As  toi  coatso  sod  Micklev  am! 
McGavv  give  tile  lowest  sensitivities,  these  do  not 
vary  much  with  the  moistme  content. 

A  comparison  ot  the  sensitivities  lot  unlio/en 
eoaise  soil  10  die  coiiespoiuhug  values  toi  unlio/en 
line  soil  shows  that  all  die  methods  give  an  s  '01 
coarse  sod  dial  is  higher  llian  loi  line  soil,  with  die 
exception  of  Kersien  which  gives  a  shglulv  lowei 
value  lor  coarse  soil  (compaie  Tables  1  and  2  .11  .1 
diy  density  ol  1  4  g  cm-' ). 

l  oi  frozen  soils  both  Kersten  and  Johansen  give 
lineal  relations  between  the  theimal  conductivity 
and  ic  al  constant  ytl .  implying  a  go  isiant  s  foi 
each  nieth 'd.  In  tael,  these  two  methods  give  neailv 
the  same  sh  loi  tiozen  line  soil.  Johansen  giving 
slightly  larger  values  at  the  Inghei  dry  densities,  l-oi 
Iro/en  coarse  soil,  howevei.  Johansen  gives  an  appre¬ 
ciably  larger  sK  .  being  about  50’  more  than  that 
from  Kersten  at  a  7j  of  1 .4  g  cm  V  De  Vries  shows 
the  highest  ai  low  ic  bui  ibis  decreases  to  become 
the  lowest  at  high  tv.  Mickley  .  on  the  other  hand, 
shows  a  reverse  trend  (sec  Tig.  ~  and  X). 

Ii  may  also  be  noted  that  the  su  values  lor  frozen 
line  s.  ii  are  less  than  those  for  frozen  coarse  soil. 

The  percentage  sensitivites.  howevei .  do  1101  differ 
much,  except  at  low  ic  values  where  Johansen  and 
De  Vries  show  higher  values  loi  liozen  coarse  soil. 

Tables  1-4  show  that  for  Kersten.  Johansen. 

De  Vries  and  Mickley  .  the  effect  of  increasing  >(|  is 
to  increase  the  value  ol  sw  when  moistme  content 
is  similar. 

Kersten.  Mickley  ,  De  Vues  and  Johansen  are 
applicable  to  both  the  unfrozen  and  frozen  conditions 
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Figure  I.  Influence  of  moisture  content  on  calculated  thermal 
conductivity  of  an  unfrozen  coarse  soil  at  constant  dry  density 
l,,  (g/cm-*)-\  =  4°C. 
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Figure  2.  Influence  of  moisture  content  on  calculated  thermal 
conductivity  of  an  unfrozen  fine  soil  at  constant  dry  density 
7d  (g/cmJ  )-\  =  4° C 
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Table  1.  Sensitivity  of  thermal  conductivity  k  (W/m  K)  of  an  unfrozen  coarse 
soil  to  moisture  content  w  at  constant  dry  density  yd  for  different  methods  of 
calculating  k  (sw  is  the  increase  in  k  per  1%  increase  in  w  at  constant  yd). 


ks  '  8-0  W/m  K 


A.  ers  It'll 

Jo  ha  /tst’n 

l)e  Vries 

Mick  le  v 

McGq  tv 

Centaur 

Van  Rooyen 

7j  ~  1!  g/cm  1 

for  tv  0  to  5*7 

_ 

0.085 

0,052 

0.007 

negative 

0.097 

A  at  tv  =  2.5',' 

- 

0.378 

0.610 

1.625 

- 

- 

0.308 

sM  as  %  of  A 

- 

22.6 

8.5 

0.4 

- 

- 

31.6 

5  for  tv  5  t<>  1  5'f 

0.023- 

0.051 

0.027 

0.007 

o.oo? 

0.051 

0.123 

A  a  t  tv  -  1 0r; 

0,771 

0.881 

0.865 

1.665 

1.586 

0.950 

1.482 

as  'y  of  A 

3.0 

5.8 

3.1 

0.4 

0.4 

5.4 

8.3 

.\vv  for  tv  -  15  to  45% 

0,008 

0.01  7 

0.02  1 

0.012 

0.007 

0.022 

0.002 

A  at  tv  =  30% 

1 .005 

1.395 

1.332 

1.823 

1.700 

1.497 

1 .860 

sw  as  %  of  k 

0.8 

1.2 

1.5 

0.7 

0.4 

1.5 

0.1 

1j  =  1.4  S/cm3 

s  for  tv  -  0  to  5% 

0.1  70 

0.094 

0.01  1 

_ 

_ 

0.256 

A  at  tv  -  2.5% 

- 

0.683 

0.950 

2.21  3 

. 

- 

0.788 

a%n  as  '(  of  A 

- 

24.9 

9.9 

0.5 

- 

- 

32.5 

x  for  »v  =  5  to  1  0% 

0.046 

0.086 

0.05  3 

0.012 

•1.007 

0.096 

0.192 

A  at  tv  -  7.5 

1.078 

1.280 

1.300 

2.263 

2.163 

1.383 

2.070 

as  %  of  A 

4.2 

6.8 

4.1 

0.5 

0.3 

7.0 

9.3 

for  tv  =  10  to  20r/c 

0.023 

0.043 

0.04  2 

0.014 

0.007 

0.050 

0.010 

k  at  vv  =  1  5'.'! 

1.320 

1.721 

1.649 

2.344 

2.218 

1.891 

2.525 

rw  as  %  of  A 

1.7 

2.5 

2.5 

0.6 

0.3 

2.6 

0.4 

for  w  -  20  to  30% 

0.01  3 

0.025 

0.033 

0.0 1  9 

0.007 

0.031 

0.000 

k  al  vv  =  2S7i 

1.487 

2.040 

2.008 

2.500 

2.291 

2.275 

2.532 

svv  as  7c  of  A 

0.0 

1.2 

1.6 

0.8 

0.3 

1.4 

0.0 

Oj  =  1.7  g/cm3 

*w  for  tv  =  0  to  5% 

0.302 

0. 160 

0.01  8 

0.565 

k  at  vc  -  2. SC!- 

- 

1.262 

1.475 

2.870 

- 

2.612 

*w,  as  ';<  of  A 

- 

23.9 

10.8 

0.6 

- 

- 

21.6 

fw  for  vv  -  5  to  20 % 

0.047 

0.077 

0.072 

0.027 

0.009 

0.091 

0.264 

k  at  vv  =  10'7 

1.827 

2.357 

2.297 

3.026 

2.921 

2.604 

3.939 

sw  as  n  <vf  k 

2.6 

3.3 

3.1 

0.9 

0.3 

3.5 

6.7 

7j  =  2  0  g/cm3 


.rw  for  tv  -  0  to  5% 

A  at  tv  -  2.5% 

as  %  of  A 

- 

0.513 

2.308 

22.2 

0.298 

2.480 

12.0 

0.033 

3.720 

\  9 

- 

- 

- 

for  tv  -  5  to  10% 

0.108 

0. 152 

0.1  19 

0.044 

0.010 

0)81 

- 

A  at  tv  '  5% 

2.273 

2.984 

3.030 

3.797 

3.829 

3.222 

- 

jw  as  r’r  <vf  k 

4.7 

5.1 

3.9 

1.2 

0.3 

5.6 
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Table  2.  Sensitivity  of  thermal  conductivity  k  (W/m  K)  of  an  unfrozen  fine 
soil  to  moisture  content  w  at  constant  dry  density  yd  for  different  methods  of 
calculating  k  (sw  is  the  increase  in  k  per  \%  increase  in  w  at  constant  yd). 


-  2.0  W/m  K 


Kersten  Johansen  De  Vries  Mick  ley  McCgw  Gemant  Van  Rooyen 
yd  =  1.1  g/cm3 


s  t* »r  w  =  0  to  5% 

- 

0.000 

0.026 

0.006 

-0.021 

_ 

0.015 

k  at  >v  =  2.5% 

- 

0.131 

0.333 

0.460 

0.777 

_ 

0.116 

sxy  as  ‘7c  of  k 

- 

0.000 

7.7 

1.3 

-2.7 

*  2.4 

for  vv  -  5  to  1  0% 

0.044 

0.014 

0.006 

0.004 

0.030 

0.022 

k  at  vv  =  7.5 7c 

0.405 

0.435 

0.490 

0.740 

0.362 

0.210 

s  as  %  of  k 

9.4 

22.0 

3.3 

1.2 

0.5 

8.2 

10.3 

s  for  w  —  10  to  20% 

0.019 

0.014 

0.007 

0.024 

k  at  vv  =  1  5  7c 

0.602 

0.494 

0.534 

0.5  36 

0.786 

0.512 

0.392 

iw  as  7c  of  k 

3.2 

5.0 

2.6 

1.2 

0.7 

2.9 

6.2 

for  tv  =  20  to  45% 

0.009 

0.012 

0.012 

0.006 

0.008 

0.007 

k  at  vv  =  30% 

0.792 

0.740 

0.724 

0.645 

0.871 

0.676 

0.634 

sw.  as  %  of  A 

1.1 

1.6 

1.6 

8.7 

0.6 

1.2 

1.1 

Trj  =  1.4  g/cm3 

for  w  =  0  to  5% 

- 

0.029 

0.043 

0.009 

-0.025 

0.022 

A  at  tv  =  2.5% 

- 

0.240 

0.486 

0.610 

0.978 

0.219 

sw  as  7  of  k 

- 

12.2 

8.8 

1.5 

-2.6 

- 

9.9 

for  tv  =  5  to  1  0% 

0.025 

0.0  to 

0.007 

0.041 

0.028 

*  at  vv  =  7.5% 

0.636 

0.478 

0.645 

0.659 

0.955 

0.S79 

0.342 

\v  as  %  of  k 

9.2 

1  1.4 

3.8 

1.5 

0.8 

7.1 

<w  for  w  =  10  to  20% 

0.029 

0.027 

0.020 

0.012 

0.007 

0.021 

0.030 

k  at  w  =  1  5% 

0.926 

0.765 

0.807 

0.740 

0.787 

0.576 

U  %  of  k 

3.2 

3.6 

2.5 

1.6 

2.6 

5.2 

sw  for  w  *  20  to  30% 

0.017 

0.016 

0.016 

k  at  w  =  25% 

1.142 

0.966 

0.873 

1.082 

0.942 

0.827 

sw  a*  %  of  k 

1.5 

1.6 

1.7 

1.9 

0.3 

1.3 

2.2 

7d  “  1-7  g/cm3 

sw  for  w  =  0  to  5% 

- 

0.071 

0.064 

-0.023 

k  at  tv  -  2.5% 

- 

0.455 

0.698 

0.796 

0.4  3S 

as  %  of  A 

- 

15.6 

9.2 

1.8 

-1.9 

1.8 

sw  for  vv  =  5  to  10% 

0.090 

0.059 

0.038 

0.017 

0.009 

0.005 

0.099 

k  at  w  -  7.5% 

0.972 

0.785 

0.922 

0.872 

1.182 

0.876 

0.473 

•tw  as  %  of  k 

9.2 

7.5 

4.1 

1.9 

0.7 

0.5 

20.9 

svv  for  vv  =  10  to  20% 

0.045 

0.030 

0.025 

0.025 

0.009 

0.024 

0.009 

A  at  w  -  15% 

1.426 

1.096 

1.146 

1 .0 1  6 

1.249 

1,131 

0.540 

sw  as  7c,  of  k 

3.2 

2.7 

2.2 

2.4 

0.7 

2.1 

1.7 

T<1  =  2.0  g/cm 

3 

vw  for  vv  =  0  to  5% 

- 

0.120 

0.098 

0.024 

-0.018 

_ 

-0.202 

k  at  vv  =  2.5% 

- 

0.800 

1.057 

1.020 

1.440 

- 

0.907 

sw  as  %  of  A 

- 

15.0 

9.3 

2.4 

-1.3 

- 

-22.3 

Jw  for  vv  =  5  to  1  0% 

0.1  38 

0.062 

0.039 

0.033 

0.010 

0.057 

-0.063 

*  at  >v  =  7.5% 

1.563 

1.180 

1.296 

1.165 

1.430 

1.270 

0.265 

sw  as  7c  of  k 

8.9 

5,2 

3.0 

2.8 

0.7 

4.5 

-23.8 

Table  3.  Sensitivity  of  thermal  conductivity  k  (W/m  K)of 
a  frozen  coarse  soil  to  moisture  content  w  at  constant  dry 
density  yd  for  different  methods  of  calculating  k  lsw  is  the 
increase  in  k  per  1  rA  increase  in  w  at  constant  ). 


ts  '  8.0  W/m  K 


—  —  - -  --  - 

k  rrsfcn 

./•i/iattuti 

l>c  l  nv t 

3 //<  A  /<•  i 

\i  1 

l  ii/tin * 

0.074 

0. 162 

0.024 

k  .ti  »  :.5'; 

- 

0.305 

0.86  3 

1  ,63ft 

. 

24.3 

1  H.  ~ 

l.< 

. ..  . 

. ...  . 

\  tor  tv  5  to  1  S'< 

0.04ft 

0074 

0.07ft 

o  026 

k  .ii  tv  10% 

0.544 

0.873 

1.541 

1.813 

as  %  “t  k 

8.4 

8.5 

4.0 

l  .5 

\VN  for  vv  l  5  to  25% 

0.046 

0.074 

0.067 

0.031 

k  .ir  tv  -  20% 

1.013 

1.61  6 

2.273 

2.096 

V^  as  %  of  k 

4.6 

4.6 

2.9 

l  .5 

for  n  2  5  (<*  4  5% 

0.046 

0.074 

0.057 

0.048 

k  at  tv  25 % 

1  .700 

2.730 

3. 1  79 

2.6  3  7 

a s  %  of  k 

2.7 

2.7 

t  .8 

1  .8 

Tts  '• 

4  g/cm3 

su  for  tv  0  to  5" 

- 

0.1  33 

0.278 

0.0  34 

k  at  .v  -  2.5'J 

- 

0.505 

1.488 

2.453 

\s  US  %  of  k 

- 

26.2 

18.7 

1.6 

JNV  for  tv  —  5  to  1  5% 

0.087 

0.133 

0.123 

0.045 

k  at  «•  =  IOC? 

1.021 

1.5  13 

2.591 

2.540 

vw  as  7r  <>f  k 

8.5 

8.8 

4.7 

1  .8 

v\v  tor  u ’  ~  1  ^  *°  25% 

0.087 

0.1  33 

0.089 

0.063 

k  at  «•  -  20V 

1.891 

2.839 

3.61  7 

3.05  4 

as  %  of  k 

4.6 

4.7 

2.1 

2.1 

sw  for  w  =  25  to  30 %• 

0.087 

0.1  33 

0.082 

0. 1  1  0 

k  at  u  -  2  7.5% 

2.538 

3.825 

4.238 

3.655 

\v  as  %  of  k 

3.4 

3.5 

1.9 

3.0 

1 

7  g/cm3 

sw  for  vv  -  0  to  5% 

- 

0.238 

0.452 

0.063 

k  at  tv  =  2.5% 

- 

0.858 

2.463 

2. 950 

sw  as  V  <if  k 

* 

27.7 

18.4 

2.1 

$w  ^or  u  "  5  to  1  5% 

0.163 

0.238 

0.1  59 

0.085 

k  at  vv  -  10% 

1.897 

2.651 

3.996 

3.475 

V  as  %  ot  * 

8.6 

9.0 

4.0 

2.4 

V  ^or  ~  1  5  to  20% 

0.163 

0.2  37 

0.1  14 

0.220 

k  a(  »  --  1  7.5% 

3.108 

4.418 

4.968 

4.318 

*w  as  %  «»f  A- 

5.2 

5.4 

2.3 

5.1 

7d  =  2.0  g/cm3 

for  vv  -  0  to  5% 

- 

0.451 

0.689 

0.107 

*  at  »■  -  2.5% 

- 

0.970 

4.063 

3.830 

«w  as  %  of  k 

- 

46.5 

16.9 

2.8 

5W  for  vv  -  5  to  10% 

0.307 

0.450 

0.193 

0.159 

A  at  vv  -  7.5% 

2.750 

3.750 

5.238 

4.488 

vw  as  %  of  * 

11.1 

12.0 

3.7 

3.6 

Table  4.  Sensitivity  of  thermal  conductivity  k  (W/m  K)  of 
a  frozen  fine  soil  to  moisture  content  vv  at  constant  dry 
density  -yd  for  different  methods  of  calculating  k  (sw  is  the 
increase  in  k  per  1%  increase  in  w  at  constant  ?d). 

*,  =  2.0  W/m  K 


Kersten 

Johansen 

De  Vries 

Mickley 

■>j  ■  1 

.1  g/cm3 

s  for  vv  -  0  to  5% 

- 

0.041 

0068 

0.016 

A;  at  vv  =■  2.5  f 

- 

0.230 

0.360 

0.450 

as  %  of  k 

- 

17.8 

18.8 

3.6 

s  for  vv  =  5  |o  ( 5% 

0.043 

0.041 

0.039 

0.01  8 

*  at  »  =  101 

0.48 1 

0.541 

0.684 

0.579 

sw  as  %  of  k 

9.0 

7.6 

5.6 

3.2 

s ^  for  vv  *  1 5  to  »$% 

033“ 

0.041 

0.038 

0.022 

Ac  at  vv  =  20% 

0.915 

0.952 

1.077 

0.779 

sw  as  %  of  k 

4.8 

4.3 

3.5 

2.8 

for  vv  =  2  5  to  45% 

0.043 

0.041 

0.036 

0.036 

k  at  w  =  351 

1.567 

1.569 

1.629 

1.181 

i  as  %  of  k 

2.8 

2.6 

2.2 

3.1 

=  1-4  6/cm3 

for  tv  -  0  to  5% 

- 

0.062 

0.109 

0.024 

k  at  vv  -  2.5% 

- 

0.337 

0.605 

0.609 

Jw  as  1  of  k 

- 

18.3 

18.0 

3.9 

sw  for  w  "  5  to  1  5% 

0.062 

0.057 

0.029 

k  at  w  =  1 01 

0.734 

0.803 

1.066 

0.808 

sw  as  %  of  k 

8.4 

7.7 

S.3 

3.6 

jw  for  w  =  1  5  to  25% 

0.062 

0.048 

0.043 

k  at  w  =  201 

1.347 

1.419 

1.584 

1.152 

sw  as  %  of  Ac 

4.6 

4.3 

3.0 

3.7 

5^.  ft>r  vv  =  25  to  30%- 

0.047 

0.078 

k  at  vv  =  27.5% 

1.805 

1.880 

1.936 

1.550 

iw  as  %  of  tr 

3.4 

3.3 

2.4 

5.1 

7d  =  17  g/cm3 

jw  ft>r  vv-  -  0  to  5% 

- 

0.091 

0.161 

0.035 

k  at  vv  =  2.5% 

- 

0.495 

0.870 

0.800 

Jw  as  %  of  At 

18.5 

18.5 

4.4 

rw  for  w  =  5  to  1  5% 

0.091 

0.068 

0.050 

t>t  «  =  I0? 

1.177 

1.187 

1 .507 

1.110 

fw  as  %  of  Ac 

7.4 

7.7 

4.5 

4.5 

yvv  for  h  =  J  5  to  20% 

0.09  i 

'  0.058 

0.140 

*  at  »■  =  1  7.51 

1.820 

1.865 

1.951 

1.665 

as  %  of  k 

4.7 

4.9 

3.0 

8.4 

7d  =  2.0  g/cm3 

iw  for  vv  -  0  to  5% 

- 

0.139 

0.216 

0.053 

*  at  vv  "  2.5% 

- 

0.756 

1.285 

1.04*5 

rw  as  %  <>f  k 

- 

18.3 

16.8 

5.1 

jw  for  vv  =  5  to  1 0% 

0.122 

<5.134 

(ToSs 

Ac  at  vv  =  7.5% 

1. 715 

1.450 

1.765 

1.375 

iw  as  %  of  k 

7.1 

9.6 

4.3 

6.2 
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Absolute  Sensitivity  (W/mKI  Absolute  Sensitivity  (W/m  K) 


w,  Moisture  Content  (%) 


Figure  3.  Absolute  and  relative  sensitivities  of  calculated  thermal  conductivity  of  an 
unfrozen  coarse  soil  vs  moisture  content  =  8.0  W/m  K.  yc/  =  1.4  g/ctn A ).  Absolute 
sensitivity  is  the  change  in  thermal  conductivity  <  W/m  K!  due  to  /  %  change  in  moisture 
content.  Relative  sensitivity  is  the  absolute  sensitivity  expressed  as  a  percentage  of 
the  thermal  conductivity. 


w,  Moisture  Content  (%) 


Figure  6.  Absolute  and  relative  sensitivities  of  calculated  thermal  conductivity  of  an 
unfrozen  fine  soil  vs  moisture  content  (ks  =  2.0  W/m  K,  yt  ,  =  1.4  g/cm-1 ).  Absolute 
sensitivity  is  the  change  in  thermal  conductivity  (W/m  K)  due  to  I7r  change  in  moisture 
content.  Relative  sensitivity  is  the  absolute  sensitivity  expressed  as  a  percentage  of 
the  thermal  conductivity. 

I  ( 


ty  (W/mK) 


Ftom  a  compaiiMin  ni’ i ho  icsulis  toi  those  conditions. 
ii  is  evident  that  caoli  <>l  these  common  methods 
utves  an  s  value  which  is  appioctably  gieatci  loi 
!io/en  soil  than  lot  1111110/011  soil.  Tins  ma>  he 
expected  because  ice  has  a  much  liighei  thermal 
couduc tivi t\  than  walei.  At  low  value  ol  to  (0-5'' 
ranee I.  Johansen  is  an  exception,  mine  a  liighei  xw 
tor  the  unfio/en  condition  than  toi  the  lio/en  state. 

Influence  of  dry  density  on  thermal  conductivity 

To  determine  the  el  feci  of  7  , .  thermal  conduc- 
tivitv  values  were  calculated  at  a  constant  ie  toi 
values  of  7,  vary  mg  Horn  1.1  to  2.0  g  enr’  in  in¬ 
crements  ol  0.1  a  cm-'  This  was  done  lor  \v  values 
from  drv  to  near  salutation.  At  the  liighei  ie  values, 
saturation  eoi responds  to  lower  values  of  7  As  in 
the  previous  section,  results  were  obtained  from  seven 
methods  for  the  unfro/eti  stale  (  Fig.  0  and  10)  and 
from  four  methods  lot  the  lio/en  state  (Fig.  1 1  and 
1  2) 

Van  Rooyen  clearly  shows  incoirect  trends  at 
high  values  of  7,  01  re.  Also,  both  Mickley  and 
Mcdaw  give  values  for  the  dry  thermal  conductivity 
that  are  obviously  much  too  high.  In  Micklev's 
case,  this  was  expected  by  him.  while  for  Mcdaw. 
the  interfacial  efficiency  e  was  assumed  to  be  1 .0  in 
the  calculations  which  is  too  high  for  the  dry  or 
nearly  dry  condition. 

The  sensitivity  of  the  thermal  conductivity  to 
7^  (at  constant  re)  is  given  in  Tables  5-8  for  several 
representative  values  of  re.  These  tables  give  the 
absolute  sensitivity  s.  expressed  as  the  increase  in 
thermal  conductivity  per  0.1  g/cmJ  increase  in  7d 
at  constant  tv.  This  increase  has  also  been  expressed 
in  relative  terms  as  a  percentage  of  the  thermal  con¬ 
ductivity  value  in  the  middle  of  the  dry  density 
range. 

Van  Rooyen  is  considerably  out  of  step  with 
the  others  for  the  unfrozen  soils  (Fig.  9  and  10). 

For  these  soils  the  other  six  methods  give  an  in¬ 
creased  sy  as  7d  increases  at  constant  w.  It  is  also 
evident  that  increases  as  rv  increases  for  a  given 
7d  range;  however,  the  values  from  Mickley  and 
Mcdaw  do  not  vary  much. 

For  unfrozen  coarse  soil  Kcrsten  gives  the  lowest 
s  throughout  (Table  5).  The  relative  sensitivity 
given  by  Kcrsten  is  constant  at  about  14.5V  over 


the  whole  lange  ol  7^  and  tv  On  the  otliet  hand 
lor  imfio/cn  line  soil  Keistcn  lends  n-  give  the 
highest  at  the  liighei  values  ol  7>(  (Table  6).  The 
values  of  v  toi  uiifio/en  fine  soil  are  lowei  than 
the  coi responding  values  lot  untio/en  coaise  soil, 
as  expected,  because  ot  the  higher  k^  value  fi>i  the 
hit  let  - 

Tallies  7  and  8  toi  lio/en  soils  show  the  matked 
increase  in  .s  caused  hy  7^  mcicasiug  at  constant 
tv.  As  toi  unfrozen  soils,  increased  tv  gives  incteascd 
sensitivitv  over  a  similar  range  ol  7j.  I  01  Iro/eu 
coarse  soil  Kersten  generally  gives  the  lowest  sy 
while  Johansen  and  Mickley  give  the  laigest  at  high 
values  ol  tv.  For  frozen  fine  soil.  Keistcn  and 
Johansen  give  values  neai  each  othei  at  low  7 j 
values,  hut  Kersten  lends  to  give  liighei  values  m 
the  liighei  7l(  range 

Because  the  degree  of  saturation  S  may  he  more 
important  than  the  absolute  value  of  w.  especially 
m  affecting  moisture  migration,  thermal  conductivity 
values  have  been  calculated  at  a  constant  .S'r  value 
but  with  varying  7d.  The  curves  corresponding  to 
several  5f  values  are  shown  in  Figures  13-16.  /Along 
a  constant  Sr  curve,  vaiymg  7d  implies  a  vary  ing  w; 
the  el  feet  of  a  varying  \c  is  a  contributing  factor  to 
changes  in  thermal  conductivity . 

Apart  front  Van  Rooyen.  these  curves  (at  constant 
•S'r)  toi  the  unfrozen  soils  show  a  more  or  less  con¬ 
stant  late  of  increase  in  the  thermal  conductivity 
with  increasing  7U.  This  implies  that  (at  constant 
St)  is  approximately  constant.  For  a  given  method 
the  curves  corresponding  to  different  5r  values  tun 
roughly  parrallel  to  each  other.  The  same  trends  arc 
indicated  for  the  four  methods  applicable  to  the 
frozen  coarse  soil  (Fig.  I  5).  With  regard  to  the  frozen 
fine  soil,  however,  the  trends  shown  by  these  methods 
are  somewhat  different  (Fig.  16). 

The  effect  of.S’r  is  interesting  to  note.  For  the 
unfrozen  soils,  the  curves  given  by  Kersten.  Ciemant. 
De  Vries  and  Johansen  show  that  the  sensitivity  of 
the  thermal  conductivity  to  Sr  at  constant  7d  de¬ 
creases  as  St  increases  (i.e.  the  curves  become  closet 
together).  The  opposite  trend  ts  shown  bv  Mickley. 
but  this  appears  to  be  physically  incorrect.  For  the 
frozen  soils.  Kcrsten.  Dc  Vries  and  Johansen  give 
a  nearly  constant  as  Sr  increases  at  constant  cl  1  y 
density. 
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,T  hirmol  Conductivity  (W/m  K| 


Table  5.  Sensitivity  of  thermal  conductivity  k  (W/m  K)  of  an  unfrozen  coarse 
soil  to  dry  density  yd  at  constant  moisture  content  w  for  different  methods  of 
calculating  k  is  the  increase  in  k  per  0.1  g/cm3  increase  in  yd  at  constant  w). 


ks  =  8.0  W/m  K 


A  ersten 

Johansen 

l)e  1  riVs 

Mhklev 

McGaw 

Genian  t 

l  a 'i  K  no  yen 

u  5r* 

1  1  til 

1.5  |E.cin  1 

u  1  2  1 

O.l  73 

0.1  54 

0.2  03 

0.203 

0.1  80 

0.34  2 

A  j(  )  1 

3  t  t.  ii) 

t 

U  831 

0.8  5  3 

().'('<  5 

2.014 

1  43" 

0.437 

1.04? 

V,  Jn  A 

1  4. ft 

:o,3 

1  5.5 

10.1 

10.5 

14.2 

31.3 

15  t.*  i 

- - ■ 

1  4  |!'cm  * 

0.2  1  5 

0.31  7 

0.307 

0.260 

0.277 

0.341 

0.477 

A  a  t  ‘t  v|  1  ■ 

r  U/*.nt 

3 

1  .4-- 

1.782 

1 .80S 

2.422 

2.877 

1.41  8 

3.291 

'  .IN  A 

14. ft 

1  *’.8 

1  7.0 

6.4 

4.6 

17.8 

24.7 

tv  1 0rr 

t -  ti»r 

i  1  to 

I  5  jj/cni-' 

0  1  541 

0.211 

0.202 

0  212 

0.20ft 

0.236 

0.334 

A  at  \j  1 

A  c  tin 

i 

1 .028 

1.246 

1 .204 

2.063 

1.471 

1.354 

2.095 

' ,  js  <  il  A 

14. ft 

16.4 

l  6.7 

10.3 

10.5 

17.4 

1  5.4 

1  5  to 

l .»  s/cm  -1 

0.266 

U.3*U 

0.362 

0.283 

0.280 

0.414 

0.881 

A  at  >,i  1 

'  je*cm 

3 

i.«r 

2.3<" 

2.247 

3.02ft 

2.42  1 

2.604 

3.939 

>  .1 N  .  .*  A 

14. ft 

1  5.7 

1  5.8 

4.4 

4.6 

1  5.4 

22.4 

w  2  0'* 

<y  t"T  1J 

1.1  to 

l  ,s  s'cm-1 

0.1  74 

0.244 

0.2$-* 

0.236 

0.223 

0.2^3 

0.256 

C  ul  l.t  1  - 

3  </crr 

3 

1.22* 

1.634 

1.568 

2.173 

2.03" 

1 .800 

2.259 

t  .  .IN  <•!  A 

14. ft 

1  5.2 

1  6.4 

10  .4 

10.4 

/  6.3 

M.3 

,or  \l 

1.5  to 

l  .7  g/cm-1 

o.:?: 

0.36*’ 

0.372 

0.326 

0.26J 

0.4  1  4 

0.541 

A  at  1 

6  K/cm 

3 

1.885 

2.541 

2.443 

2.474 

2.738 

2.84ft 

3.3  33 

^  as  ’ '  "1  A 

14.4 

14.4 

14.4 

10.4 

4.5 

14.5 

j  ft. 2 

tv  40'"' 

for  1j 

l.l  to 

1 .3  £/enr* 

0.P8 

0.247 

0.2  44 

0.318 

0. 204 

0.313 

0.200 

t  ai  >a  l- 

2  S/cm 

3 

1.231 

1 .765 

1.800 

2.200 

1.458 

1  .457 

2.041 

Table  6.  Sensitivity  of  thermal  conductivity  k  (W/m  K)  of  an  unfrozen  fine 
soil  to  dry  density  yd  at  constant  moisture  content  w  for  different  methods  of 
calculating  k  (sy  is  the  increase  in  k  per  0.1  g/cm3  increase  in  yd  at  constant  w). 


*s  -  2.0  W/ir.  K 


K  crsicn 

Itiluin  \rn 

tu  \  \ 

1///  A  ft'  , 

W,  (.J.v 

»  ■'  l  1 

Jtl  /<.'*'  vc#f 

for  Id  ;  11  lu  1.5  s/cm-' 

().(>:*  s 

0.07  3 

IMH«' 

o.uso 

(1  066 

O  llt.t) 

o  043 

A'  at  >J  l  .3  K/CIll 

0.40  1 

0.2  5  | 

o.  5o9 

tl  S">l 

11  ,S  *  ■  “ 

O  196 

ii  ;  o 

as  '  "•  of  A 

14.5 

2'<.2 

1  2“ 

9.6 

"  h 

1  6." 

1  8.9 

5-y  for  >j  -  1  .S  io  1 .9  p/cm** 

U.  t  t  ^ 

0.  1  1  9 

O  109 

f).l>7  “ 

II  0“  6 

0.  1  1  1 

o.n2  1 

*  at  id  17  S/cm 3 

0.7  J  J 

0.62  7 

0.823 

l»32 

1  1  6> 

O."  32 

tl.45  1 

v.  as  at  A 

)  >.8 

19.0 

1  3.3 

9.3 

6.  ~ 

1  5.4 

5  O 

10'  ’ 

if  for  >j  -  1.1  tn  1.5  g/ cm** 

0.09  5 

O.OS8 

0.083 

0  .06  3 

u  ( l  -  3 

0  OS6 

(0)1  “ 

A  at  >d  1  S/cm- 

0.654 

0.5  1  5 

0.6  13 

0.62  » 

0  9|>| 

11.5 

0  166 

as '  r  *1  A 

14.6 

1  7.| 

1  3.6 

10  1 

N.  1 

14.9 

4.6 

r-v  for  7j  1.5  u»  2.0  p/cm** 

0.183 

0.125 

0.  II  9 

0.099 

0.08  l 

o  1  25 

-O  068 

A  at  2d  11  S/cm' 

1.102 

0.923 

1 .014 

0.9  |  5 

1.205 

0.99  » 

0.404 

as  r'  of  A 

t  5.8 

1  3.5 

1  1 .7 

1  0.8 

ft.  7 

1  2.6 

1  3." 

20' 

i-y  for  1.1  to  1 .5  g/cm3 

0.1  32 

0.097 

O  1  04 

0  os 2 

0.0“8 

0.103 

0.065 

A  at  2J  =  l-J  s/cm  ’ 

0  «*()■ 7 

0.779 

0  794 

0. "  1  ft 

0.968 

0.77  J 

0.649 

as  %  of  A 

14.6 

<2.5 

1  3.0 

i  1 .5 

S.l 

I  3.3 

1  0.0 

for  T  l  5  «i  i  .7  p/cm3 

0.202 

0.1  1  7 

o.i  24 

0.1  32 

0.083 

0.  1  20 

-0  090 

A-  at  2,1  =  !  -6  s/cm3 

1.396 

1.09  7 

1.135 

1  .01  2 

1 .209 

1.104 

0.748 

as  r\  of  V 

14.4 

10" 

10.9 

1  3.0 

6.9 

10. s 

»  2.0 

i*  40'! 


s-y  for  -  1.1  to  1.3  g/cm3 

0.145 

0.098 

0.1  26 

0.16  1 

0.086 

0  110 

0.089 

A  at  2d  =  1.2  f/cnv* 

1.005 

0.940 

0.961 

0.862 

1.014 

0.8  58 

0.75  1 

as  7r  of  A 

14.4 

10.4 

13.1 

J  8.6 

8  4 

1  2.8 

1  1  .8 

Table  7.  Sensitivity  of  thermal  conductivity  k  (VV/m  K)  of  a 
frozen  coarse  soil  to  dry  density  yd  at  constant  moisture  con¬ 
tent  w  for  different  methods  of  calculating  k  (sy  is  the  increase 
in  k  per  0.1  g/cm3  increase  in  yd  at  constant  >v). 

As  =■  8.0  W/m  K 


A « >  \/cn 

./<  <hit ii st  n 

Ih  1 'US 

l/fi  kh’l 

s.  for  l.l  t*»  1.^  g/cm*' 

0  too 

0.1  20 

0.2;.' 

o  : :  i 

A  at  >,i  l.igcm1 

0.4-7 

0.71  3 

1  640 

2  loo 

\  UN  '  *  Of  A 

2  l  .0 

18.1 

1  6  3 

10.5 

v-  t«*r  ■>  j  I.5M  Mlp/rm-' 

0.2  55 

0.332 

0.400 

0.31  2 

A  at  >j  1.8  g/clll1 

1.32  5 

1 .770 

3.5  54 

3.41  1 

S  ">  * 

10.3 

18.7 

l  3.8 

o.l 

■■ 

10  , 

ft»r  ">j  l.l  t«»  1.5  g/cm*' 

0.1  -7 

0. 1  44 

0.37  | 

o.2  5  2 

A  at  ■) j  I.Jg/cm1 

ON  30 

1  .260 

2.200 

2.280 

21.3 

1  1  .4 

1  6  0 

1  1  .1 

v.  for  “>v|  -  1.5  to  2.0  g/cm*' 

0.454 

0.62  1 

0.525 

0.420 

A  jt 1 .8  g/cm3 

2.332 

3.2  2  - 

4.527 

3.86“ 

as  '7  of  A 

1  4.5 

10.3 

1  1  .6 

1  0  0 

» 

2 O' 

for  ")j  l.l  to  1.5  g/cm*' 

0.32*1 

0.452 

0.462 

o.  346 

A  at  -  1.3  g/cm*' 

1 .530 

2.356 

3. 1  40 

2.-oo 

^  as  r?  of  A 

21.4 

10.2 

14.- 

1  2  8 

5->  for  >d  l  ?  !°  '  *7  g/cm*' 

0.600 

0.800 

0.5  5  1 

0.78- 

A  at  1  .ft  g/cm-' 

2.867 

4.142 

4.653 

4.006 

.v  ^  as  rr  of  A 

20.*» 

to  3 

1  1  8 

10.6 

u* 

3  o'; 

for  7j  “  l.l  to  1 .4  g/cm** 

0.428 

0.602 

0.5  1  8 

0.508 

A  at  tj  -■  1  i  g/cm-' 

2.242 

3.45  1 

3  80  3 

3.28  5 

as  r'<  of  k 

10.1 

17.4 

1  3.3 

1  5.5 

it 

40'f' 

j7  for  >j  -  l.l  n>  12  g/cm1 

0.4  5  | 

0.658 

0.561 

0.64- 

A  at  7(1  -  1.2  g/cm1 

2.30  2 

3.7  60 

4.01  O 

3.5  2  0 

.v  as  r'(  of  A 

18  3) 

1  7.5 

1  4.0 

1  8.3 

20 


Table  8.  Sensitivity  of  thermal  conductivity  k  (W/m  K)  of  a 
frozen  fine  soil  to  dry  density  yd  at  constant  moisture  content 
w  for  different  methods  of  calculating  k  (j^  is  the  increase  in 
A:  per  0.1  g/cm3  increase  in  *yd  at  constant  w). 

=  2.0  W/m  K 


A.  erstvn 

Jithotnen 

l)c  1  nrs 

Mi,  A  ley 

u 

5  fY 

t‘>r  7J  -  l .  1  to  1 .5  g/cm3 

0.061 

0.057 

0.004 

0.06  3 

A  a t  ">j  1.3  g/cm3 

0.361 

0.435 

0.67| 

0.6  10 

\ ^  as  ' 7  ol  k 

1  7.0 

1  3  0 

14.0 

10.2 

**>  tor  7 J  1.5  to  2.0  g/cm3 

0.1  HI 

0.  1  10 

0.1  38 

0.000 

k  at  7d  1.7  g/cm3 

0.744 

0.7  30 

1.1  20 

0.806 

a .  as  r?  ot  k 

24.4 

15.1 

12.2 

10.0 

VV  ■ 

10^ 

u  for  l .  1  to  t  .5  g/cm3 

0.003 

0.003 

0.1  32 

0.080 

k  at  7d  1.3  g/cm 3 

0.635 

0.705 

0.0  30 

0.726 

v ^  jb «•!  a 

1  4.6 

1  3.2 

14.1 

1  1  .0 

•v>  *or  ->j  -  1.5  to  2.0  g/cm3 

0.2  35 

0. 1  70 

0.  146 

0.  144 

*  at  7J  17  g/cm3 

1  .  1  77 

1.187 

1.507 

1 .1  10 

a^  as  '!  of  4 

1  0  0 

15  1 

0.7 

12.9 

«  - 

:or; 

A>  tor  •>  j  1 .  1  to  1 .5  g/cm3 

0.1  57 

0.166 

0.1  70 

0. 1  36 

A  at  1 .  J  n/im-’ 

1.181 

l  .245 

1.412 

1.010 

a  ^  as  ' ,  ot  A 

1  3.3 

13.3 

1  2.0 

13.5 

s7  tor  7j  -  1 .5  to  l  .7  g/cm3 

0.251 

0.242 

0.1  7  3 

0.387 

A  a(  hj  -  1.6  n/cnf5 

1.771 

1 .84  1 

1 .027 

1 .554 

as  , if  A 

14.1 

1  3.1 

0.0 

24.0 

w  - 

Jtl'v 

v7  for  7d  l.l  to  1.4  g/cm3 

0.203 

0.224 

0.203 

0.2  5  3 

*  at  >d  -  1.3 

1.728 

1 .785 

1.850 

1  -426 

as  *//  of  A 

1  1.8 

1  2.5 

1  1.0 

17.7 

»v  -  40^ 


v7  for  1. 1  to  1.2  g/cm3  0.2  20 
k  at  7d  "  1.2  g/cm3  2.01  3 


0.260 

2.034 


0.2  3° 
2.040 


0  370 
1 .730 


Table  9.  Sensitivity  of  soil  thermal  conductivity  k  (YV/m  K.)  of  an  unfrozen  soil 
to  solids  conductivity  k%  at  constant  degree  of  saturation  Sr  for  different  methods 


Ctijrsv 

/  int 

De  Vries 

Mod.  res. 

K  unit  -S'Hitfi 

\Jji  Kiev 

w«  ( ;j'v  < 

ti'iuun  l 

(  oar s> 

\  1.0 

H.O  W  /in  K 

2. 714 

2.736 

3.265 

2.270 

3.2  18 

2.779 

3.066 

>.327 

*s 

4.0 

- 

- 

- 

- 

- 

- 

- 

- 

0.64  3 

3.0 

1.521 

1.521 

- 

. 

- 

- 

- 

- 

0.4  l  5 

*s 

2.0 

- 

1.147 

1.247 

1.324 

1.124 

1.208 

1.253 

1.181 

A/  As 

0.240 

0.324 

0.248 

0.324 

0.140 

0.335 

0.254 

0.314 

0.671  « 

,sr  o.s 

8.0  W/m  K 

2.200 

2.131 

- 

- 

2.8  1  1 

2.678 

2.444 

3.32' 

4.0 

. 

- 

- 

- 

- 

0  64  3 

3.0 

t .  2  5  3 

M3' 

- 

- 

- 

- 

- 

- 

0.4  1  * 

2.0 

- 

0.40*» 

0  473 

- 

0.8  74 

1.144 

0.4  5  4 

SensitiMtv  A  a  s 

0. 1  84 

0.22  S 

- 

- 

0. 3  2  3 

0.25  5 

0  248 

1  •  ; .  ‘  I  • 

s  0.2  5 

H.O  W/m  k 

1.677 

. 

1.647 

. 

2.646 

2.62< 

l  82  3 

2.460 

s 

4.0 

- 

- 

- 

- 

- 

- 

- 

- 

- 

-  3.0 

0.482 

0.  75  1 

- 

- 

_ 

- 

- 

- 

0  628 

^  2.0 

- 

0.62  1 

0.740 

_ 

. 

0.780 

1  .047 

0.716 

0.404 

Sensitivity  A/  A 

0. 1  34 

0. 1  30 

0.151 

- 

0.319 

0.255 

0.1  85 

0.58  3* 

,sr  0  (dry) 

--  8.0  W/m  k 

0.240 

0.216 

0.302 

0.254 

- 

- 

- 

0.334 

*s 

=  4.0 

- 

- 

* 

- 

- 

- 

- 

*» 

=  3.0 

0.240 

0.240 

- 

- 

- 

- 

- 

- 

0.196 

2.0 

- 

0.240 

0.143 

0.260 

0.1  83 

- 

- 

- 

- 

Sensitivity  kf 

0.000 

0.000 

0.0038 

0.0070 

0.01  27 

- 

- 

- 

0.0282 1 

•I  or  ks  varying  from  4.0  ft)  H.O  W/m  K 
f  For  As  varying  from  3-0  to  8.0  W/m  K 


Influence  of  soil  solids'  thermal  conductivity 

A  determination  was  made  of  the  variation  in  the 
calculated  soil  thermal  conductivity  due  to  changes  in 
the  value  of  the  solids'  thermal  conductivity  ks  at  a 
constant  yd  of  1 .6  g/cni3  and  for  a  constant  St. 

C  alculations  were  made  for  several  values  of  Sr, 
ranging  from  dry  to  saturated.  The  resulting  curves 
for  each  St  value  are  shown  in  Figure  1 7  for  unfrozen 
soil  and  in  Figure  18  for  frozen  soil.  The  Kersten 
method  could  not  be  applied  as  it  does  not  explicitly 
take  k,  into  account  so  that  it  cannot  allow  for 
variation  in  ks 


Six  methods  could  be  generally  applied  at  all  Sr 
values  to  unfrozen  soils,  while  only  three  of  these 
were  applicable  to  frozen  soils.  In  the  fully  saturated 
state,  two  additional  methods.  Kunii-Smith  and  the 
modified  resistor  equation,  were  also  applicable  to 
both  frozen  and  unfrozen  soils.  When  Johansen  was 
applied  at  ks  =  3.0  W/m  K  and  below,  the  equation 
appropriate  to  fine  soil  was  used.  This  gives  rise  to 
different  sensitivities  with  this  method  for  coarse 
and  for  fine  soils 

Tables  9  and  1 0  show  the  values  obtained  for  the 
absolute  sensitivity  of  the  soil  thermal  conductivity 
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Table  10.  Sensitivity  of  soil  thermal  conductivity  k  (W/m  K)  of  a  frozen  soil 
to  solids  conductivity  ks  at  constant  degree  of  saturation  Sr  for  different  methods. 

•>j  =  t-6  g/cmJ 

Johansen 


fours? 

hint' 

Dc  l  riex 

Mod.  res. 

K  umi-Stnith 

Mick  ley 

*Vr 

--  J.O 

A 

s 

H.O  \\  /  in  K 

4.793 

4.996 

5.300 

4.524 

4.837 

As 

3.0 

2.682 

2. 682 

- 

- 

- 

k 

2.0 

- 

2.1  10 

2.11  1 

2.113 

2.1  36 

2.1  10 

Sciisit i v ■! v  A/  ks 

0.4  22 

0.5  72 

0.481 

0.531 

0.398 

0.455 

■Vr 

0.75 

8.0  W/m  K 

3.654 

4.395 

_ 

3.724 

3.0 

2.070 

2.070 

- 

- 

- 

*, 

2.0 

1.641 

1.792 

- 

- 

1.371 

Sensitivity  A/  As 

0. 3  1  7 

0.429 

0.4  34 

- 

- 

0.392 

s. 

0.5 

k 

8.0  W/m  K 

2.522 

- 

3.727 

- 

3.247 

3.0 

1.463 

1.463 

- 

- 

- 

- 

2.0 

J.l  76 

)  .463 

- 

- 

1.069 

Sensitivity  A  A^ 

0.212 

0.287 

0.377 

- 

- 

0.5*3 

.Vr  0.2  5 


As  8.0  W/m  K 

1.381 

- 

2.792 

- 

- 

2.875 

=  3.0 

0.85  1 

0.851 

- 

- 

- 

- 

V 

- 

0.708 

1 .064 

- 

0.S45 

Sensitivity  A/  As 

0.106 

0.143 

0.288 

- 

- 

0.33R 
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Figure  I  7.  Influence  oj  soil  solids’  thermal  conductivity  on  calculated  thermal  con¬ 
ductivity  of  an  unfrozen  soil  at  a  constant  degree  of  saturation  Sr  ( l  =  4"C,  ytl 
=  l.6g/cmJ). 
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moth  ,Js  ..  -iivdoi.ihi,  ,1.  Tans, 'll.  I ),  \  i .ii i, I 
l  >em.mt  ('i"itii,  .■  soi.s'liv-.iios  ".  1 1 1. 1 1  ii.,  loase  ;...n  ki’ilK 
.1,  .S’,  III,  I, '.IV'.  will!,'  ill,'  sensitivities  1 1 1  >'  i  i  Vickies 
.111,1  Met, aw  .110  almo,i  constant  null  .V, .  (  hi  salinated 
vuls  Ji'Ii.iiisoii  I,ii;iim').  IV  \  nos  .uni  M.l.jw  on, 
neatlv  i lie  same  sensuous  o’  about  0.25  while  Jo- 
lunsen  (liiio I.  (Iciiuiu.  Mickies  and  modified  resisloi 
give  j  higher  value  of  about  0. 52  (I  it  i‘M 

I.m  I:  n/oti  viil  ,h  ih.msi'ii  l  Ink  and  ,  mu  so  I.  I  Jo  Vues 
.mil  Mickies  give  higher  sensitivities  d  o  k  As) 
than  lor  unlto/cii  soil.  Also  ilio  i.iio  ot  nicicusc  m 
llio  seiisilivitv  unit  m oi  easine  .V,  is  moio  m.ii  ko,l  lor 
ilu-  lio/en  soil.  Johanson  ( fine t  shows  a  partieulaih 
lai  oe  i.n  -’I  in.  ie.iv.'  ( I  i,.  20)  li  is  uotewoitln 


ihat  the  sensitivities  foi  .satiiiaievl  lio/en  soil  aie 
i n u . 1 1  litghei  than  the  corresponding  values  for  sal¬ 
inated  iinlio/on  soil  This  holds  loi  Johansen 
(ooaiso  anil  linel.  modified  tosistoi.  kumi-Snihh. 

I)e  \  i  los  and  Mickles . 

Comparison  of  the  various  methods 

f  ile  tlioiui.il  ooikIuoIiviiv  values  predtetod  h\  l he 
vanotis  methods  ate  eompaied  tor  the  saturated 
condition.  ioi  .V,  =  0.5  aitvl  lot  the  drv  condition  in 
I  igmes  21-50.  I h is  has  been  done  over  a  ■);,  range 
liom  1  1  to  2.0  e 'em-' .  Apart  Itom  Kerstcn  the 
values  chosen  for  k„  woie  S  O  W  in  k  for  coatse  soil 
and  2  0  \\  in  k  lot  line  soil. 

The  nine  methods  applicable  to  salinated  untio/en 
coats,'  soil  all  show  a  similai  nend  toi  the  increase 
m  llieinul  coiiduetiviis  with  increasing  7j  (Fig.  21  ). 
keisten  and  Van  Km"  en  give  the  lowest  theinia! 
soiulnctivitv  values  while  Mickles,  modified  tesisior 
and  tlemam  give  the  highest  values.  Johansen.  IX’  Vrie 
and  Mefi.ivv  give  almost  coincident  ,  wives. 
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Figure  21.  Comparison  of  thermal  conductivity 
values  tab  ulated  by  the  various  methods  for  a 
saturated  un  frozen  coarse  soil  at  different  dry 
densities  1 1  =  4°C.  h,  -  S.O  W/m  K). 

l-oi  saturated  un  frozen  I  mu-  soil  (Fig.  22). 

Kcisten  gives  i he  highest  values  above  a  7d  of  1 .3 
g  em  '.  Van  Rooyen  provides  the  lowest  values  and 
t-.  unreliable  at  values  of  7d  over  1 .5  g  cm3.  Johansen. 
IX-  Vires,  modified  resistor.  Kuitii— Smith.  Miekley 
and  (iemant  differ  noticeably  at  low  yd  values,  but 
show  a  similar,  almost  linear,  trend  and  closely 
approach  each  other  at  high  yd. 

In  the  ease  of  saturated  frozen  coarse  soil  (Fig. 

23).  Kersten  gives  much  lower  values  than  the  other 
five  methods.  Modified  resistor  gives  the  highest 
values,  showing  a  linear  increase  to  which  De  Vries. 
Miekley  and  Johansen  are  approximately  parallel. 

With  regard  to  saturated  frozen  fine  soil  (Fig.  24), 
the  six  methods  give  values  which  differ  little  from 
each  other.  In  fact,  Johansen.  De  Vries,  modified 
icsistor  and  Miekley  all  give  coincident  curves. 

Also,  the  thermal  conductivity  does  not  vary  much 
with  yd  as  may  be  expected  because  the  replacement 
of  tee.  having  a  A',  of'  2.2  W/tn  K.  by  the  mineral 
solid,  having  a  A,  of  2.0  W/m  K,  should  not  make 
much  difference  to  the  overall  soil  thermal  conduc¬ 
tivity. 


Dry  Density  lg/cmb 

f  igure  22.  Comparison  of  thermal  conductivity 
values  calculated  by  the  various  methods  for  a 
saturated  unfrozen  fine  soil  at  different  dry  den¬ 
sities  ft  =  4°C.  k,  =  2.0  W/m  K). 

The  seven  curves  for  the  partially  saturated  un- 
trozen  sand  (Sr  =  0.5)  all  show  a  similar  trend, 
except  for  Van  Rooyen's.  which  rises  rapidly  above 
a  7d  of  1 .4  g/em3  (Fig.  25).  As  with  the  saturated 
coarse  soil.  Kersten  gives  the  lowest  values  while 
Miekley  gives  the  highest  (apart  from  Van  Rooyen. 
which  shows  odd  behavior).  The  curves  given  by 
Johansen  and  De  Vries  are  close  together  and  repre¬ 
sent  roughly  average  values. 

With  partially  saturated  unfrozen  line  soil,  some 
opposite  trends  are  apparent  (Fig.  26).  Van  Rooyen 
and  Miekley  give  the  lowest  values,  with  Van  Rooy  en 
showing  an  incongruent  decrease  at  yd  above  1.3 
g/em3.  Contrary  to  the  coarse  soil  case.  Kersten 
gives  one  of  the  highest  curves,  while  De  Vries.  Gemant 
and  Johansen  give  curves  at  intermediate  positions. 

For  partially  saturated  frozen  coarse  soil,  the 
four  applicable  methods  give  curves  which  differ  by 
large  amounts,  although  they  show  similar  trends 
(Fig.  27).  Kersten  gives  the  lowest  thermal  con¬ 
ductivity  values  while  De  Vries  gives  the  highest. 

At  high  7d.  De  Vries  gives  values  that  are  more  than 
twice  as  high  as  those  given  by  Kersten. 
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Figure  23.  Comparison  of  thermal  conductivity 
values  calculated  by  the  various  methods  for  a 
saturated  frozen  coarse  soil  at  different  dry  den¬ 
sities  1 1  =  ~4°C,  k '  =  8.0  Wlm  K). 
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Figure  24.  Comparison  of  thermal  conductivity 
values  calculated  by  the  various  methods  for  a 
saturated  frozen  fine  soil  at  different  dry  den¬ 
sities  (i  =  -4°C.  k '=2.0  Wlm  F). 


Figure  23.  Comparison  of  thermal  conductivity 
values  calculated  b  v  the  various  methods  for  an 
unsaturated  unfrozen  coarse  soil  at  different  dry 
densities  with  S,.  =  0.5  ( t  =  4° C.  k,  =  8.0  W/m  FI. 
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/■'inure  2b.  Comparison  of  thermal  conductivity 
values  calculated  by  the  various  methods  for  an 
unstituraicd  unfrozen  fine  soil  at  different  dry 
densities  with  S,.  -  0.5  t\s  4  C.  k%  “  2.0  It ':m  K  / 


l  ifture  2  7.  Comparison  of  thermal  conductivity 
values  calculated  by  the  various  methods  for  an 
unsaturated  frozen  coarse  soil  at  different  dry 
densities  with  Sr  =  0.5  lx  -  -4'C,  ks  -  S.O  It' m  A II. 
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ityurc  28.  Comparison  of  thermal  conductivity 
values  calculated  by  the  various  methods  for  an 
unsaturated  frozen  fine  soil  at  different  dry  den¬ 
sities  with  S,  =  0.5  (\  =  -4°C,  ks  =  2.0  W/m  K). 
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Figure  29.  Comparison  of  thermal  conductivity 
values  calculated  by  the  various  methods  for  a 
dry  coarse  soil  at  different  dry  densities  ft  =  4°C. 
k 'k=8.0  W/mK). 

The  di tTerences  are  less  pronounced  tor  frozen 
fine  soil  at  partial  saturation  (Fig.  28).  Kersten 
and  Johansen  do  not  differ  by  much  over  the  whole 
7d  range,  and  Micklcv  approaches  them  at  high  yd. 
Dc  Vries  gives  the  highest  values,  about  1  5 7r  greater 
than  Kersten  and  307  greater  than  Johansen  or 
Micklev  at  the  highest  7d  ( 1 .9  g/cm3). 

For  dry  coarse  soil  all  the  applicable  methods 
show  a  similar  trend,  except  that  the  curves  of  Van 
Rooyen  and  Kunii-Smith  start  to  rise  quickly  above 
7d  =  1.5  g/cm3  (Fig.  29).  Johansen  and  De  Vries 
give  curves  that  are  close  together  and  nearly  par¬ 
allel.  and  modified  resistor  gives  a  similar  curve  that 
is  higher.  The  adjusted  De  Vries  equation  gives 
higher  values  than  the  modified  resistor  equation 
at  the  highest  7d.  Smith  shows  a  somewhat  different 
trend,  giving  the  lowest  values  at  high  7d.  For  this 
method  the  value  chosen  for  a'  (thermal  structure 
factor)  was  0.065. 

In  the  case  of  dry  fine  soil  (Fig.  30).  Van  Rooyen 
again  shows  an  excessive  rate  of  increase  in  the 
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Figure  30.  Comparison  of  thermal  conductivity 
values  calculated  by  the  various  methods  for  a 
dry  fine  soil  at  different  drv  densities  { t  =  4°C, 
kj  =  2.0  W/m  K). ' 

thermal  conductivity  above  7j  =  1.5  g  cm3,  but 
Kunii-Smith  appears  reasonable  up  to  7d  =  1 .9  g/cm3 
Tlte  curves  from  Johansen  and  adjusted  De  Vries 
are  practically  coincident,  while  Smith  again  gives 
lower  values  at  a  7d  above  1 .8  g/cm3. 

The  temperature  difference  of  8°C  between  tile 
frozen  and  unfrozen  dry  conditions  does  not  product 
appreciable  changes  in  the  soil  thermal  conductivity. 

In  the  next  section  there  is  a  detailed  testing  of 
all  the  methods  against  actual  experimental  data  for 
different  soil  types  and  conditions.  The  methods  are 
evaluated  so  as  to  determine  under  which  conditions 
each  method  gives  good  predictions  and  in  order  to 
recommend  the  best  method(s)  applicable  to  soils 
in  various  conditions. 


EVALUATION  OF  METHODS  FOR  CALCULATI\(. 
THERMAL  CONDUCTIVITY 

This  section  presents  an  evaluation  of  the  various 
proposed  methods  for  calculating  the  thermal 
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conductivity  of  soils,  i  .us  evaluation  was  carried 
out  using  a  computer  program  which  analyzed  data 
obtained  bv  various  experimenters  on  soils  with 
known  characteristics.  In  particular,  knowledge  of 
the  quart/  content  was  important.  The  theimal 
conductivity  predicted  bv  each  method  was  then 
computed  at  appropriate  values  of  the  moistuie  con¬ 
tent  and  dry  density.  The  deviation  of  this  computed 
value  from  the  measured  value  was  then  obtained. 

(It  should  be  noted  that  measured  values  may  not 
always  be  accurate). 

Comparison  of  the  deviations  produced  by  the 
various  methods  indicates  which  methods  give  good 
agreement  under  the  relevant  conditions.  The  eval¬ 
uation  is  done  for  moist  coarse  and  line  soils,  un¬ 
frozen  or  frozen,  and  loi  drv  soils. 

Soils  data  used  for  evaluation 

All  the  methods  for  calculating  soil  thermal  con¬ 
ductivity.  except  Kersten.  depend  on  knowledge  of 
the  solids  thermal  conductivity  k The  solids  com¬ 
ponent  which  could  have  a  major  influence  on  the 
value  of  k^  is  quartz,  because  quart/  has  a  thermal 
conductivity  appreciably  larger  than  any  other 
possible  soil  solid  component.  In  order,  therefore, 
to  get  a  reliable  value  of  for  use  in  any  of  these 
methods,  it  is  essential  to  know  the  quart/  content 
of  the  soil  solids.  So  the  different  methods  were 
evaluated  by  comparing  their  predictions  with  the 
thermal  conductivity  values  measured  on  soils  with 
known  quartz  content.  The  quartz  content  was 
supplied  by  Kersten  (1 949)  and  Johansen  (pers. 
comm.)  for  each  of  the  soils  and  soil  materials  they 
tested. 

The  evaluation  was  also  carried  out  on  other  soils 
for  which  values  of  As  were  either  suggested  by  the 
respective  experimenters  (c.g.  Penner  1970.  Smith 
and  Byers  1 938)  or  could  be  suitably  chosen,  de¬ 
pending  on  the  type  of  soil.  In  these  cases  uncer¬ 
tainty  about  the  actual  A's  value  makes  the  evaluation 
inaccurate  to  some  extent.  However,  such  an  eval¬ 
uation  should  show  the  main  trends  in  the  predictions 
and  deviations,  providing  at  least  a  general  compar¬ 
ison. 

Computer  program 

The  computer  program*  calculates  the  value  of 
the  soil  thermal  conductivity  for  the  given  soil  input 
data.  This  is  done  for  each  of  the  methods  appro¬ 
priate  to  the  particular  soil  condtion.  frozen  or 
unfrozen,  and  saturated  unsaturated  or  dry.  The 
input  data  consist  of  the  soil  sample's  dry  density, 
moisture  content,  unfrozen  water  content  (where 

•Available  from  tire  author. 


applicable )  and  the  theimal  conductivitv  value 
measuted  lot  that  sample. 

(ft hoi  basic  paiamotors  lo  be  input  include  the 
quaitz  content  t/  (as  a  tiaction  of  the  solids  content  I 
and  the  values  of  the  theimal  conductivities  ul  the 
soil  components  at  the  tempeiatme  oi  measurement. 
Jhese  are  the  theimal  conductivity  values  toi  I  lie 
soil  an.  uatei  and  ice.  and  those  loi  quartz  (A:  )  and 
the  solid  components  otliei  than  quartz  (A  ).  I  iom 
Atl  and  k  the  program  calculates  Ay  using  the  geo¬ 
metric  mean  equation 

Ay  =  A  < 1 "" »  k'i  . 

Alternatively,  As  may  he  input  directly  II  it  is  known 
oi  if  a  suitable  value  is  assumed. 

When  Van  Rooyen  is  applied  lo  line  soils,  a  value 
lot  the  clay  content  has  to  be  input  as  known  oi  as 
estimated-  Van  Rooyen  also  differentiates  fine  soils 
into  clay  and  silt.  When  Smith  is  applied  to  dry  soils 
(coarse  or  fine),  a  suitable  value  must  he  input  lor 
the  thermal  structural  factor  a’. 

The  computer  program  conceits  the  input  value 
of  measured  thermal  conductivity  into  W  m  K  if  it 
is  not  already  in  these  units.  It  also  converts  the 
dry  density  lo  metric  units.  It  then  calculates  the 
thermal  conductivity  given  by  each  method  selected 
and  determines  its  deviation  from  the  measured 
value.  This  deviation  is  expressed  as  a  percentage 
of  the  measured  value.  The  program  also  calculates 
the  porosity  of  the  soil,  its  degree  of  salutation  and 
its  unfrozen  water  content  as  a  fraction  by  volume 
of  the  total  soil  volume. 

Input  parameters 

Specific  gravity  of  the  soil  solids.  This  was  gen¬ 
erally  taken  as  2.70.  unless  a  particular  value  was 
given  by  the  experimenter.  The  program  uses  tins 
specific  gravity  and  the  input  soil  drv  density  to 
calculate  the  soil  porosity. 

Temperature.  It  was  necessary  to  know  the 
temperature  at  which  the  measurement  was  made 
so  that  the  values  of  the  thermal  conductivity  o| 
the  soil  components  appropriate  to  this  tempeiatme 
could  be  input.  In  cases  where  the  experimenters 
had  not  specified  the  temperature,  a  suitable  value 
was  assumed. 

Thermal  amductivitv  of  soil  air  k,,.  I  or  dry  soil 
A.,  was  taken  as  0.024  W/m  K  at  O'C  or  below  and 
0.025  W/m  K  at  10°C.  Where  the  soil  was  moist 
and  unsat mated,  moisture  migration  effectively  in¬ 
creases  A'a,  depending  upon  the  temperatme.  I'ndci 
these  conditions  ihc  values  of  A  .,  chosen  at  difleiem 
temperatures  were  taken  or  inteipolated  from  Table 
I  I  which  follows  front  the  suggestions  of  I)e  Vries 
(1903). 


Table  1 1 .  Apparent 
thermal  conductivity 
of  moist  pore  ai i 
(based  on  De  Vries 
1963)*. 

Temperature 


_ 

(  M‘  m  k  ' 

0 

0.046 

5 

0.05  5 

10 

0.06  7 

!  5 

0.07H 

20 

0.099 

25 

0.120 

30 

0.151 

•  Assuming  air  is  saturated 
with  water  vapor. 

Thermal  conductivity  of  soil  water  ku, .  Tlie 
thermal  conductivity  of  the  soil  water  Ac  was  cal¬ 
culated  at  dill'erent  tenipeiaimes  using  the  following 
oquatii  n  given  in  the  Thermophysical  Properties  of 
Matter  (Touloukian  et  al.  1970): 

I06  Aw  =  -1390.53  +  15.1937  T 
-0.0190398 P 

which  gives  k.x  in  units  of  cal/cm  s  °(\  T  being  the 
absolute  tempera  -ire.  The  resulting  values  of  k 
are  given  in  Table  12.  For  intermediate  tempera¬ 
tures.  was  interpolated  linearly. 


Table  12. 

Thermal 

conductivity  of 

water 

Vemperature 

k»v 

/cO 

fh'.m  K  i 

0 

0.560 

5 

0.570 

10 

0.579 

1  5 

0.588 

20 

0.597 

25 

0.605 

30 

0.61  3 

•Based  on  the  equation 
given  by  Touloukian 
et  al.  (1970). 


Unfrozen  water  content  UWC.  In  some  cases 
the  unfrozen  water  content  was  known  from  the 
experimenter’s  data  (c.g.  Fenner's  Leda  clay),  lit 
other  cases  a  suitable  value  of  UWC  was  assumed, 
depending  on  the  soil  texture,  or  the  UWC  was 
simply  set  at  zero. 

For  unfrozen  soils  the  UWC  value  in  the  computer 
printout  tables  m  Appendix  B  represents  the  moisture 


content  of  (lie  soil  expressed  as  a  tuition  * >J  the 
total  soil  volume. 

Thermal  conductivity  of  soil  ice  kf.  To  deleimine 
the  value  ol  A(  the  following  formula  quoted  b\ 
Sawada  ( 1977)  was  used: 

A,  =  488.19/7’  +  0.4685  W  in  Ik 

Tbemg  the  absolute  temperature.  The  resulting 
values  at  As  at  different  temperatures  arc  given  in 
Table  13.  At  intermediate  temperatures.  A |  was 
lineally  inteipolated. 

Table  13.  Thermal 
conductivity  of  ice  A,*. 


Temperature 

k, 

f  Ci 

/  h’ m  k ) 

0 

2.26 

-  4 

2.28 

-10 

2.32 

-1  5 

2.36 

-20 

2.40 

-2  5 

2.44 

-30 

2.48 

•Based  on  the  formula 

given  by  Sawada  (1977). 

Thermal  conductivity  of  quart:  kq.  Quartz  is 
anisotropic,  having  a  thermal  conductivity  parallel 
to  the  c-axis  A,,  greater  than  the  conductivity  at 
right  angles  to  this  axis  .  The  thermal  conductivity 
of  a  polycrystalline  quartz  aggregate  of  random  mien- 
latioit  was  determined  using  a  geometric  mean 
equation  (Farouki  1981). 

A,  =  (A,  A  A„)U3=  V/3  V/3- 


Table  14.  Thermal 
conductivity  of 


qu:.;tz  Aq*. 

Tempera  lure 
fC) 

fW  m  K  > 

30 

7.28 

25 

7.43 

20 

7.58 

15 

7.72 

10 

7.86 

4 

8.04 

0 

8.16 

-  4 

8.29 

-10 

8.50 

-20 

8.84 

-30 

9. 1  8 

•Based  on  the  tabulated 
data  for  Ar()  and  in 
Touloukian  et  al.  ( 1 970). 


I  lie  values  nt  k  -ifjti  A  ai  various  lempei  anno* 
wo io  taken  limn  tlio  Thermopliysieul  liropenies  ol 
Matter  ( Touloukian  01  al.  Il>70).  Where  nccessuiy 
(how  wofo  hncjih  iniorptiJaioi)  and  ihon  used  in 
ilio  geoiiieiuc  mean  equation  to  oaloulaio  A  .11 
various  temperatures.  The  results,  aio  given  in  Fable 
14  and  these  again  wore  Imeai Is  imoi pointed  id 
auive  al  values  of  A'  toi  intermediate  loiiiporaltires 

Thermal  conductivity  o  f  the  soil  solids  oilier 
than  t/uurt:.  h„.  As  suggested  by  Johansen  ( I1)7?  I. 
the  value  of  A,,  was  usually  taken  to  be  2.0  W  in  K 
irrospeetive  of  temperature,  l  or  coarse  soils,  how¬ 
ever.  having  a  quail/  content  loss  than  20'  •  of  the 
solids,  some  calculations  were  also  made  with  kit 
taken  as  3.0  W  in  K.  a  value  assumed  hy  johaiiseit 
for  these  soils. 

Owing  to  the  uncertainty  in  the  value  of  A(>. 
there  was  no  point  in  varying  its  input  value  with 
temperature.  It  should  be  noted,  however,  that 
the  thermal  conductivity  of  feldspar  increases  as 
the  temperature  increases.  Feldspar  may  he  the 
chief  component  other  than  quart/.  This  behavior 
of  feldspar  is  exceptional  among  crystalline  materials 
whicliHisually  show  a  decrease  in  the  thermal  con¬ 
ductivity  as  the  temperature  increases.  Variations 
in  A()  with  temperature  may  therefore  be  somewhat 
dampened. 

Thermal  structural  value  a  for  dry  soils.  Where 
the  Smith  method  is  applied  to  dry  soils,  a  suitable 
value  of  a  must  be  input. 

Some  program  details 

When  the  data  for  a  particular  soil  wc:c  input, 
the  soil  had  to  be  specified  as  being  coarse  or  fine 
and  its  condition  as  being  unfrozen  or  frozen,  and 
unsaturated,  saturated  or  dry.  It  had  also  to  be 
specified  as  natural  or  crushed  So  that  the  appro¬ 
priate  equation  in  the  Johansen  method  could  be 
applied. 

The  thermal  conductivity  methods  to  be  applied 
in  each  case  are  specified.  For  drv  soils,  the  program 
automatically  calculates  the  adjusted  Do  Vries  value 
from  the  value  given  bv  f)e  Vries'  method.  For  sat¬ 
urated  soils,  the  computer  program  calculates  the 
geometric  mean  value  assuming  a  two-phase  material 
(i.e.  solid  and  water  or  ice). 

Gemant  method.  This  method  is  inapplicable 
when  the  moisture  content  is  below  a  certain  value 
corresponding  to  the  adsorbed  film  water.  The 
solids  thermal  conductivity  obtained  from  the 
equation  suggested  by  Gemant*  was  computed  by 

•This  equation  is  ks  -  S.84  -  0.3 3p  W/m  K  where  p  is  (fu- 
percent  of  clay  in  the  soil  solids  (see  Tarnuki  1981). 


the  piogiam  and  lepicsented  as  (  SOI  IDS  2  I  his 
was  toi  coiupanson  and  il  was  not  used  further 
l)e  I  ries  method  While  De  Vries'  method  w.o 
not  originally  intended  n>  apply  to  frozen  soils. 
IVnnei  (  1470)  applied  n  to  two  lio/en  clays  with 
good  testilts  li  was  decided  toi  tins  analysis  in 
apply  De  Vues  to  difleienl  conditions  of  frozen 
soils,  i.e  salinated  m  unsatuiated.  and  paruallv  oi 
completely  frozen 

I  or  saturated  tio/en  soils  containing  some  un¬ 
frozen  water,  this  vvatci  mav  be  considered  as  the 
continuous  medium,  so  the  following  equation  w  as 
used  ioi  the  soil  thermal  conductivitv  A. 

*W  +  Ffx]  +  Fs'(T-«)' 

The  equation  tor  such  soils  that  are  partially  satur¬ 
ated  is 

L  -vu  *  Vi*!  +  1 1  -»  >*s 

V»  +/VVa+A*(l-") 

It  the  Irozen  soils  can  be  considered  to  have  no  un¬ 
frozen  water  content  (e.g.  frozen  gravels  or  sands), 
tbe  ice  is  taken  to  be  the  continuous  medium,  giving 
the  equations 

•VjAj  +  T\  1 1  -n  )AS 
k  -v,  +  /s(l-«) 

for  saturated  soils  w  here  .is  -  n.  t)ie  porosilv.  and 

k  =  xiki+  w, +  f- \  ( 1  -«  \ 

for  unsaturated  soils. 

In  fiie  above  equations  .v  represents  the  volume 
fraction  ot  the  soil  component  corresponding  to  its 
subscript  (vv  lor  water.  /  lot  ice.  a  for  air  and  s  toi 
soil  solids).  The  F  values  are  given  h\ 


ls  d  1 1  +  [<AyAt-)-l]  0.125 
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alld 


in  which  k{  is  the  thermal  conductivity  ot  the  llutd 
continuous  medium  (unfrozen  water  or  ice),  and  the 
shape  factors g  .g  lor  the  pore  air  ate  given  by 
( De  Vries  1  9(>3 ) 


foi  0.0')  <.  xt  <  n.  ot 

ga  -  0.01  3  +  0.944  v, 
tor  0  v  jcf  •  0.00.  and 
Sc  =  1  -  :  *»  ■ 

Mickley  method.  Although  Mickley's  method 
was  originally  derived  for  unfrozen  soils  it  was  also 
applied  here  to  frozen  soils  simply  by  considering 
ice  to  occupy  the  place  of  water  in  the  unit  cube 
soil  model  (Mickley  1051 ). 

McGaw  method.  In  applying  McGaw's  conduc¬ 
tance  equation,  the  interfacial  efficiency  e  was  taken 
as  unity.  A  value  for  n  (the  volume  of  series  fluid 
in  unit  soil  volume)  was  required  and  this  was  calcu¬ 
lated  using 

mc  =  n(  1  -n)  (0.304-0.00  log  kjk vv ) 

as  suggested  by  McGaw  (pers.  comm.).  If  this  equa¬ 
tion.  however,  gave  a  value  for  nc  which  was  greater 
than  nSr.  the  magnitude  of  nc  was  limited  to  nSt. 

(The  computer  printout  tables  in  Appendix  B  give 
the  nc  value  in  the  form  AC.) 

Van  Rooyen  method.  The  equation  of  Van  Rooyen 
and  Winterkorn  (1050)  is: 

1/it  =  /d0'Bi’r  +s  cm  °C/W  . 

Where  z|  =  I O"  ' ‘°  44>d\ 

B  =  h  |-5.57d 

s  =  s,  -Sj7d 

Sr  =  the  degree  of  saturation  of  the  soil 
(fractional) 

and 


7d  is  its  dry  density  (gem1). 

Based  on  the  experimental  data  and  analysis  ot 
Van  Rooyen  and  Winterkorn  ( 1050).  the  value  o fa, 
was  taken  as  5.55  and  the  lollow  mg  values  toi  h , . 
s,  ands,  were  chosen  for  the  different  soil  types, 
lot  cohesionless  soil: 

/>,  =  lb.  18 
s2  =  47.5 

s,  =  200-041/  for  q  ,  ■  0.75 

or  s,  =  43S  -  407q  for  0.75  >  q  0.20 

or  s,  =  353 .6  for  r/  <  0.20 

where  q  is  the  quartz  content  (fractional).  For 
cohesive  soils: 

silts 

6,  =  5.6  x  10'4'’  +  9.58 
s2  ~  134.6 
s,  =  202 

clays 

b,  =5.6  x  10-4P  +  9.58 
s2  =  155 
s,  =  317 

where  p  is  the  clay  content  (fractional). 

Thus  the  quartz  content  for  cohesionless  soils 
and  the  clay  content  for  cohesive  soils  are  required 
as  input  data.  If  the  latter  was  not  known,  the 
following  rough  average  values  for  b  x  were  used: 

b,  =  1 1 .8  for  silts 

or  b  |  =  9.58  for  clays  ■ 

Van  Rooyen  is  the  only  method  which  differen¬ 
tiates  cohesive  soils  by  subdividing  them  into  clays 
and  silts  according  to  the  general  description  of  the 
soil. 

Applicability  of  the  methods 

In  this  section  the  various  methods  for  calculating 
thermal  conductivity  arc  tested  to  see  under  what 
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conditions  their  predictions  agree  wiili  measured 
rallies  ot  die  ihemial  conductivity  and  to  determine 
the  extent  ot  agreement.  The  deviations  of  the 
jnedieted  values  fiom  the  measured  values  are  de- 
tei  mined  at  different  values  of  dry  density  and 
moistuie  content  This  is  done  tor  soils  that  are 
iintio/en  oi  frozen,  coarse  or  line,  unsaturated. 
saturated  oi  dry  . 

.  li’itlicability  to  unfrozen  coarse  soils 

1  tames  .'I  and  52  show  the  deviations  given  by 
the  seven*  applicable  methods  which  were  tested 
on  data  lot  unfrozen  coarse  soils  and  crushed  rocks. 
These  data  are  the  result  of  measurements  made  by 
Kc i st e n  ( 1040)  on  I -air banks  sand.  Lowell  sand. 
Noithwav  tine  sand.  Northway  sand,  standard 
Ottawa  sand,  graded  Ottawa  sand.  C'licna  River 
etuvel.  ct uidied  nap  lock,  ciushed  feldspar,  crushed 
eiainte.  ciushed  quart/  and  crushed  line  quart/: 

In  Johansen  I  pci s  comm.)  on  sands  SA1 .  SA2.  SA4. 

N  \8.  SAI 5  and  gi  axels  GRI.GR0.  GR7  and  ( .  R 1 2 . 
on  ciushed  locks  PI  I .  Pi  's.  IH  6.  PI  7.  PLO  and 
PI  III:  and  In  IV  Vries  ( 1063)  on  Wageningen  sand 
(data  on  these  soils  are  given  in  Appendix  A). 

Kcrsicn  method,  figure  .’la  shows  the  deviations 
given  In  Kerstcn  toi  unfrozen  sands.  As  Kerstcn 
hinisc’lf  tiotc-cl  Ins  lelevant  equation  does  not  apply 
to  the  sands  he  tested  that  had  a  low  quart/  compo¬ 
sition.  i.e.  Noithwav  sand  and  Noithwav  fine  sand. 

Il  gives  values  that  are  loo  high,  with  deviations  up 
to  I  s(V ;  foi  most  of  the  saturation  range  (sec 
\ppendix  Tables  HI  and  B2).  The  Kerstcn  equation 
also  gives  some  high  deviations  (55'.' )  for  several 
Johansen  sands  with  intermediate  quart/  content 
(fig.  5l.it 

f  oi  the  sands  tested  by  Kersten  that  have  medium 
oi  high  qu.ii  t /  content  ( Fairbanks  sand.  Lowell  sand, 
standard  and  graded  Ottawa  sand),  the  Kersten 
equation  geneially  gives  good  agreement  within  :20'?. 
many  of  the  deviations  being  negative.  Such  an 
agieement  may  be  expected  because  Kersten  lit  his 
equation  to  these  experimental  data.  However  the 
Kc i s ten  equation  urnlerpredicts  when  applied  to  the 
data  obtained  by  other  workers  on  sands  having  high 
rpi.iit/  content.  Thus  for  the  sands  of  Johansen  and 
IV  Vues  having  high  quart/  content  (Johansen  sands 
SAT  and  SAI  5.  IV  Vries  Wageningen  sand  (</  -»  0.65|  ). 
the  Kersten  equation  gives  many  deviations  in  the  range 
-25  to  -50' J  at  varied  values  of. S’r. 

The  deviations  resulting  from  the  application  of 
the  Kersten  equation  to  unfroz.cn  gravels  and  crushed 


•These  are  Kersten,  Johansen,  De  Vries,  Gemant,  Micktey. 
McGaw  and  Van  Rnoyen  which  apply  to  unsaturated  (or 
saturated)  unfrozen  soils.  For  saturated  soils  two  additional 
methods  apph  modified  resistor  and  Kunii-Smith. 


locks  are  shown  in  Figure  52a.  The  predictions 
given  by  the  Kersten  equation  show  similat  ltends 
with  these  gravels  and  crushed  rocks  as  with  the 
sands  considered  above.  Thus  Kerstcn  gives  predic¬ 
tions  that  are  much  too  high  for  the  low-quart/ 
gravel  CiR7  (Table  B3)and  the  deviations  remain 
substantial  at  high  values  ot  Sf.  In  the  same  manner. 
for  all  Johansen's  crushed  rocks  which  have  low-  quait/ 
content  (PU I .  PU5.  PU6.  PU7.  PU9.  PUIO).  Kersten 
gives  predictions  that  are  much  too  high,  the  devia¬ 
tions  reaching  144'.'  (e.g.  Table  B4).  Kersten  also 
gives  unacceptably  high  predictions  lot  the  low -quart/ 
crushed  toeks  tested  by  him.  i.e.  crushed  nap  rock, 
ciushed  feldspar  and  crushed  granite  (e.g.  Table  B5). 
This  confirms  that  Kersten  should  not  be  applied  to 
mateiials  with  low  quart/  content. 

for  the  medium-quart/  gravels  (Chena  Rivet 
gravel  and  Johansen's  GRI .  GRo  and  C j R 1  2  gravels 
|0.4l)  c)  0.65]  ).  Kersten  applies  well  to  his  own 
Chena  River  gravel  and  to  one  sample  of  Johansen's 
GR12  giavel.  but  gives  some  unacceptably  high  de¬ 
viations  for  Johansen's  GR1  and  GR6  gravels. 

As  with  the  high-quart/  sands.  Kersten  gives  pre¬ 
dictions  that  are  too  low'  for  the  crushed  quart/ 
materials  tested  by  Kersten  himself. 

To  summarize,  when  applied  to  coarse  soils  or 
soil  materials.  Kersten  overpredicts  for  those  with  a 
low  quartz  content  while  it  under  predicts  for  those 
with  a  high  quart/  content.  In  either  case  the  devia¬ 
tions  are  too  large  to  be  acceptable.  Lise  of  the 
Kersten  method  should  therefore  be  limited  to  coarse 
soils  with  intermediate  quart/  content,  say  around  60'? 
of  the  soil  solids.  The  expected  deviations  would 
then  generally  be  within  -  2 5'7 .  though  many  may  be 
larger  and  even  unacceptable,  particularly  for  gravels. 

Johansen  method.  Johansen  gives  good  predictions 
(within  -  25'f )  for  coarse  soils  and  crushed  rocks  of 
varied  quart/,  content  at  Sr  values  above  0.2  (Fig.  5 1  h 
and  52b).  Between  Sr  =  0.1  and  Sr  =  0.2  the  predic¬ 
tions  are  somewhat  worse,  the  deviations  showing  a 
marked  negative  bias  extending  to  -40'?.  This  could 
be  due  to  the  effect  of  moisture  migration,  which 
Johansen  does  not  take  into  account  and  which  could 
appreciably  increase  tile  measured  thermal  conduc¬ 
tivity.  Below  about  S,  =  0.1 ,  Johansen  gives  large 
deviations,  chiefly  negative. 

De  Vries  method.  At  degrees  of  saturation  greater 
than  about  0.2.  De  Vries  gives  deviations  within  ■  2 O'? 
for  sands  (Fig.  51c).  and  within  * 50'?  for  gravels  and 
crushed  rocks  (Fig.  52c).  There  is  a  tendency  for 
mainly  negative  deviations  in  the  range  .S’r  =  0.1  to 
0.3.  but  it  is  less  marked  titan  that  shown  by  Johansen, 
as  may  be  expected  because  De  Vries  attempts  to 
take  the  effect  of  moisture  migration  into  account. 
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°  t-'  »:  . 

J?  .•  '  ‘  *  Figure  31.  Deviations  of  calculated  thermal  con- 

-20-  A  .  '.••••.  -  ductivity  from  measured  thermal  conductivity  vs 

■  '  degree  of  saturation  of  unfrozen  sands.  Deviations 

40f  ’°s  #  ’  expressed  as  a  percentage  of  the  measured  values; 

►-  *  .  "  |  deviations  outside  the  limits  of  ±  605?  tovr  been 

"60o‘  oV'o-T'^o?*#  .o  plotted  directly  on  top  or  bottom  horizontal  scales 

s,.  Decree  oi  Soturotion  (a-Kersten,  b-Johansen,  c-De  Vries,  d-Geinant, 


e-Mickley,  f-McGaw,  g-Van  Rooyen). 
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Figure  32.  Deviations  of  calculated  thermal  con¬ 
ductivity  from  measured  thermal  conductivity  vs 
degree  of  saturation  of  unfrozen  gravels  and  crushed 
rocks.  Deviations  expressed  as  a  percentage  of  the 
measured  values;  deviations  outside  the  limits  of 


i  60%  have  been  plotted  directly  on  top  or  bottom 
horizontal  scales  (a-Kersten,  b-Johansen.  c-De  l  'rics, 
d-Gemant,  e-Mickley,  f-McGaw,  g- Ian  Roovert). 
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( i\  nun/  method.  By  ns  nature.  Ccinunt  is  in¬ 
applicable  below  a  eertam  moisture  eoiilenl.  Il 
beams  to  give  leasonable  lesiilts  above  an  .S'r  value 
of  roughly  0.2  where  the  deviations  are  generally 
uillnn  *20'.  lor  sands  (tig.  did)  or  within  -25 
and  35  .  tor  gravels  and  slushed  rocks  (Fig.  32d). 
Similarly  to  Johansen,  (Temant  shows  a  marked 
negative  bias  ni  the  range  Sr  =  0.1  to  0. .! .  whis'li 
may  be  attributed  to  the  effect  of  inoistuie  migra¬ 
tion. 

Mieklcy  and  Mcdaw  methods.  These  two  methods 
are  generally  similar  in  then  predictions.  In  elteet 
both  assume  good  partiele-to-pai tide  contact, 
imply  mg  very  efficient  thermal  transfer.  Obviously 
this  cannot  be  the  case  m  the  dry  condition  winch 
thetefore  gives  rise  to  very  large  positive  deviations 
from  both  methods.  The  presence  of  some  water 
soon  improves  the  interfacia]  efficiency  and  decreases 
the  deviations.  However,  these  deviations  remain 
positive,  masking  any  contribution  to  heat  transfer 
trout  moistme  migration,  which  would  tend  to  give 
negative  deviations.  Tor  sands  Figures  .1  le  and  3  1  f 
show  the  marked  trend  for  the  deviations  to  decrease 
as  S  increases.  Tor  gravels  and  crushed  rocks  this 
nend.  while  still  evident,  is  less  consistent  at  high 
.S',  values  (i  tg.  22c  and  221). 

In  the  case  of  sands  McCiavv  shows  a  roughly 
linear  decrease  in  the  deviations  as  .S'r  increases 
(lag.  21  ft  Its  predictions  can  he  improved  by  in¬ 
troducing  a  suitable  value  for  the  interiacul  effic¬ 
iency  factor  e.  Such  a  value  would  be  appreciably 
Ic\n  than  unitv  m  the  nearly  dry  condition,  tncie.ising 
linearly  to  unity  at  high  .S'r  values. 

Tor  sands  Mickles  gives  good  agreement  (within 
■  2^' ;.  roughly  )  tor  Sr  values  above  0.45.  while  Mcdavv 
does  not  do  so  until  .Vr  is  greater  than  about  O.o. 

With  the  gravels  the  threshold  of  .V(  is  lower,  being 
about  0.25  for  Micklev  and  0.5  for  McCiavv.  In  the 
case  ol  the  crushed  rocks,  this  threshold  is  slightly 
lower  still,  suggesting  that  the  surface  characteristics 
of  crushed  materials  provide  better  contact  efficiency 
( f  arouki  I  48  I  ). 

Van  Ron  yen  method.  Van  Rooyen's  equation 
appeals  to  bo  genetally  applicable  to  sands  having  a 
high  quart  /  content  at  .Sr  values  above  0.1  hut  not 
tor  lower  Sr  values  (Fig.  31g).  It  also  appears  that 
Van  Kooven  applies  well  (in  tact  belter  than  the 
other  ms  methods)  below  an  .S'r  value  of  0.1  lor  sands 
with  low  or  medium  quart/  content.  In  this  region, 
rl  we  exclude  the  nearly  drv  condition  <.S'r  <  0.015). 
the  deviations  bn  the  litgli-quart/ It/  -  0.b5)  sands 
are  not  very  large,  lying  within  ±3551.  which  is  still 
much  better  than  Johansen  and  the  oilier  methods. 


Tor  guvels  and  paiticulailv  'o'  low-quart/ 

(t/  -  0.40)  crushed  rocks,  the  \.in  Kooven  equation 
does  not  generally  apply  well.  I'  does,  however,  give 
some  reasonable  predictions  •  v  crushed  quart/  in 
the  range  ST  =  0.0 1  to  0.2  ( i  ig  32g). 

Summary.  Above  an  .V,  0.2  Johansen  generally 

gives  the  best  agreement  (within  ±25'T),  while  De  Vries 
and  tiemani  aie  close  behind.  Micklev  and  McCiavv 
give  good  predictions  at  higher  S'r  values  of  0.45 
and  O.h  respectively  .  Cnder  the  stipulated  conditions 
these  five  methods  are  applicable  to  coarse  materials 
ol  high,  intermediate  oi  low  quart/  content.  This  is 
because  they  take  die  solids  thermal  conductivity 
As  into  account  which  keixten's  method  does  not. 

In  the  range  of  .S'  v  alues  from  0.1  to  0.2.  De  Vries 
appeals  to  he  the  best  method,  giving  deviations  be¬ 
tween  10  and  -30':.  Johansen  gives  j  wider  range 
ot  variation,  between  20  and  -40  ' .  thus  showing 
more  extensive  negative  deviations. 

Below  an  Sr  value  of  0.1  and  extending  to  around 
St  =  0.015.  Van  Roovcn  gives  the  best  predictions 
for  sands,  but  some  ol  the  deviations  are  rather  ex¬ 
tensive  (up  to  ±25':).  For  the  gravels  and  low -quart/ 
crus.ed  rocks,  however,  at  such  low  S,  values.  Van 
Rooven  does  not  apply  well  nor  does  any  one  of  the 
other  methods. 

I  fleet  ot  variation  in  k  The  effect  on  the  soil 
thermal  conductivity  of  variation  in  A(i  is  greatest 
for  materials  with  low  quart/  content,  which  implies 
a  high  content  of  the  other  minerals.  Such  materials 
may  sometimes  have  a  larger  ktt  value  than  the  2.0 
W  m  K  assumed  in  all  the  calculations  on  which 
Tigures  21  and  22  (except  31a  and  .3 2a )  arc  based. 
Johansen  ( 1475 )  suggested  that  for  his  coarse  mater¬ 
ials  with  quail/  content  less  than  20 '!.  a  Ay,  value  of 
3.0  W  m  k  should  he  used.  Figures  33  and  34  show 
the  deviations  resulting  from  such  an  assumption  as 
compared  with  the  previous  choice  of  2.0  Won  k  for 
A(1.  Tims  these  fig  ires  show  the  elteet  of  uncertain¬ 
ties  in  knowledge  of  A(),  this  effect  being  greatest 
for  materials  with  a  very  low  quart/  content  (less 
than  20'/ ).  These  materials  include  kersten's  two 
Northway  sands.  50'f  of  which  is  derived  Horn  igneous 
rocks,  and  Johansen's  crushed  rocks  Pl  l.  PI57,  PI ’4, 
and  I’lMO.  They  also  include  Johansen's  sand  SAI0 
and  gravel  (IR7. 

t  igures  33a  and  34a  apple  to  the  Johansen  method 
,4s  expected,  the  deviations  conesponding  to  a  value 
of  3.0  W/ni  k  for  Au  shift  upwards  compared  to  the 
deviations  corresponding  to  A,,  =  2.0  Wfin  k.  The 
ranges  coveted  by  these  deviations  are  10  io40N 
for  the  sands  (Fig.  33a)  and  20  to  -Iff :  foi  gravels 
and  crushed  rocks  corresponding  to  ,Vr  values  above 


43 


•60 


>60i 


h  * 

40-  0 

h  0  * 

r  ° 

20Y-  * 

t 

»  ° 

°r 

-20- 

-40r 


I 

40r 

20r 


u 

-20l- 


H  -40| 
I 

<-60, 


02  04  06  08  I0°t)  02  04  06  08 


>60 


Sand 

[Kirstens  Nprthwoy, 


kfl*2W/mKj 

°  J 

Kfts3W/m  K 

L _ * 

a  i 

.  • _ 

02  04  06  08  lO 

Sr  ,  Degree  of  Saturation 


f  igure  33.  Hffect  of  variation  in  thermal  conductivity  k„ 
soil  solids  other  than  quart:  on  the  deviations  of  calculated 
thermal  conductivity  from  measured  thermal  conductivity  of 
unfrozen  low-quartz  sands  (q  <  0.20}  at  various  degrees  of 
saturation.  Deviations  expressed  as  a  percentage  of  the  measured 
value;  deviations  outside  the  limits  oj  *  602  have  been  plotted 
directly  on  top  or  bottom  horizontal  sixties  (a-Johanscn, 
b-De  Vries,  c-Gemant.  d-Micktcy,  c-McGaw). 
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S, ,  Degree  of  Soturotion 


Figure  34.  Effect  of  variation  in  thermal  conductivity  ku  of  soil 
solids  other  than  quartz  on  the  deviations  of  calculated  thermal 
conductivity  from  measured  thermal  conductivity  of  unfrozen 
low-quartz  crushed  rocks  and  gravels  fq  <  0.20)  at  various  degrees 
of  saturation.  Deviations  expressed  as  a  percentage  of  the 
measured  value;  deviations  outside  the  limirs  of  t  607r  have  been 
plotted  directly  on  top  or  bottom  horizontal  scales  (a-Johanscn. 
b-Dc  fries.  c-Oeniant,  d -Mick ley,  e-McClaw). 
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0  2.  Willi  a  value  ot  5.0  W  .  •'  nd  .Vr  greatei 
than  0  2.  IV1  \  ties  gives  dewatn  i  the  lange  40 
to  -5  toi  tlie  varulv  (l  ie.  .'.'bland  in  the  range  20 
lo-UV  l nr  the  crushed  nicks  (big.  54b).  lor 
Mitulai  conditions.  (iemant  gives  deviations  lying 
in  the  range  50  to  10'  :  tm  the  sands  tl  tg.  doe)  and 
50  to  '  tor  the  erushed  rocks  (Fig.  54c).  Mickies 
produces  devialio’.s  in  the  lange  35  to  - 1  O'  tor  the 
sands  •'  .V  values  abo1  ■  0.5  (Fig.  53d).  while  toi 
the  ctuOied  rocks  the  deviations  lie  in  the  range  55 
to  -10  ■  a:  St  values  above  0.5  (Fig.  54d).  McCiaw 
gives  deviations  tor  the  sands  that  aie  too  high  ( Fig. 
55e).  hut  toi  the  crushed  rocks  (Fig.  54e)  the  de¬ 
viations  aie  reasonable  at  S,  values  above  0.5 

Applicability  to  a  sandy  sill-clay.  Where  a  sand 
contains  a  large  amount  of  silt-clay,  such  as  Kersten  s 
Dakota  sandy  loam  with  a  silt-clay  content  ot  51'. 
the  Keisien  equation  overestimates  considerably  at 
.S'  values  below  about  0.45.  giving  deviations  up  to 
144  (see  Table  Bo)  m  spite  of  the  tact  that  tins 
soil  has  a  medium  quart/  content.  At  higher  Sr 
values  the  Kersten  method  pnwides  reasonable 
agreement  as  does  each  of  the  other  sis  methods 
except  Van  Rooyen.  In  particular.  Johansen  and 
IX-  k  ites,  while  overestimating  at  low  ,S'r  values,  give 
reasonable  agreement  from  Sr  values  of  0.24  and 
0.52  respectively.  Van  Rooyen  gives  good  agreement 
at  .Vr  ■_  0.24  and  (iemant  is  generally  applicable 
throughout  the  range  of  St  values. 

Applicability  to  saturated  coarse  soils.  For  sat¬ 
urated  coarse  soils  or  soil  materials  (e.g.  crushed 
rocks),  nine  methods  may  be  applied  which,  in  addi¬ 
tion  to  the  seven  methods  discussed  above,  include 
modified  resistor  and  Kttnii-Smith.  Representative 
deviations  produced  by  all  these  methods  are  given 
in  Tables  B7-B1  I  and  also  for  die  seven  methods 
in  Figures  31  and  32  for  the  .S’r  =  1 .0  points. 

Kersten  gives  unacceptably  high  deviations  for 
the  saturated  low-quart/  crushed  rocks  (Johansen's 
PIT  .  PI' 5,  Pllb.  PU7.  PUT  and  PU10)  and  also  for 
the  low-quart/,  gravel  GR7.  Fxcepting  Van  Rooyen, 
ail  the  other  methods  generally  give  good  agreement 
(within  i  25r; )  for  these  materials  as  well  as  for  the 
medium-quart/  saturated  gravels  (GR1 .  GR3  and 
GRb)  and  the  SA2  sand  of  Johansen.  For  the  GR1 
and  GR6  gravels,  Kersten  persists  in  giving  some  un¬ 
acceptably  high  deviations  which,  however,  are  not 
as  bad  as  in  the  case  of  the  low-quartz  materials. 
While  for  the  other  medium-quartz  gravel  (GR3) 
Kersten  gives  acceptable  deviations,  these  are  wider 
than  those  given  by  the  other  methods.  Similarly, 
while  Kersten  gives  good  agreement  for  the  medium- 
quartz  SA2  sand,  six  other  methods  give  even  better 
agreement.  These  are  Johansen,  De  Vries.  Kimii - 
Smith,  modified  resistor,  McGaw  and  Gcmant.  any 


ol  which  is  preferable  to  Keisten  lor  calculating  the 
thermal  conductivity  ot  saturated  coarse  soils. 

Applicability  of  methods  to  unfrozen  fine  soils 

Figure  35  shows  the  deviations  obtained  with  the 
seven  applicable  methods  (Kersten,  Johansen.  De 
Vries.  (>emant.  Micklev,  McGaw  and  Van  Rooyen) 
toi  some  unfrozen  tine  soils  at  various  values  ot  .S’r. 

The  evaluated  data  were  for  soils  tested  by  Kersten. 
i.e.  llealy  clav.  Fairbanks  silty  clay  loam.  Fairbanks 
silt  loam.  Northway  silt  loam  and  Ramsey  sandy 
loam.  The  quartz  contents  of  these  soils  were  known 
and  varied  ft  out  0.01  5  to  0.b4 1  *  (as  a  ti  action  of 
the  total  solids  content).  In  the  computet  program. 

Ao  was  set  at  2.0  Won  K.  In  addition  to  Kersten's 
soils,  data  lot  Russian  chernozem  given  by  Kolyasev 
and  Gupalo  ( 1 45H )  were  evaluated  as  well  as  data 
given  by  Mickies  ( 1 0  5 1  )  and  by  Rem  >  and  Wmter- 
korn  ( lbo')  on  tine  soils,  k  being  taken  as  2.0  m  K. 

Kersten  method.  Below  an  .S',  of  about  0.3. 

Kersten's  equation  tor  unfrozen  tine  soils  gives  de¬ 
viations  that  are  either  too  high,  particularly  for  the 
chernozem  soil,  or  too  low  for  Kersten's  own  soils. 

From  Sr  =  0.3  to  full  saturation,  the  Kersten  equa¬ 
tion  gives  deviations  that  are  scattered  between  35 
and  -55'  - .  with  some  of  the  highest  deviations  occurring 
for  Kersten’s  own  soils  (Fig.  55a).  particularly  for 
his  low-quart/  Northway  silt  loam. 

Johansen  method.  At  low  values  of  Sr.  Johansen 
gives  better  agreement  than  Kersten.  Nevertheless. 
Johansen  still  gives  some  excessive  deviations  below 
5,  =  0.2.  these  generally  vary  ing  between  20  and  -45G  . 
At  higher  values  of  St  Johansen  gives  deviations  in 
the  range  35  to  -35'" .  roughly,  w  hich  is  similar  be¬ 
havior  to  Kersten  (see  Fig.  55b). 

Above  .5,  =  0.2  Johansen  gives  positive  deviations 
for  most  of  Kersten's  samples,  but  it  tends  to  give 
negative  deviations  for  the  other  soils,  possibly  be¬ 
cause  the  assumed  value  of  As  for  these  (i.e.  2.0 
W/m  K)  may  generally  be  too  low. 

Other  methods.  De  Vries  gives  deviations  that 
are  much  too  high  at  .5,  -  0.5.  but  even  above  this 
Sr  value  the  deviations  for  Kersten's  samples  continue 
to  be  unacceptably  high  (about  50' i )  and  remain  so 
at  near  full  saturation  (Fig.  35c).  The  range  of  de¬ 
viations  for  Kersten’s  soils  is  from  50  to  -3G .  indi¬ 
cating  an  overprediction  lot  these  soils  which  is 
similar  to  that  given  by  Johansen,  but  greater.  For 
the  other  soils  De  Vries  gives  deviations  in  the  range 
of  10  to  -357;  which  is  again  similar  to  Johansen. 

At  Sr  >  0.3  Gemant,  Micklev  and  McGaw  show 
trends  generally  similar  to  De  Vries,  but  the  deviation 

•All  these  Kersten  soils  contain  a  medium  amount  of  quart/ 
(0.40  <  </  <  0.65)  except  for  the  low-quartz  Mealy  clay  and 
North  way  silt  loam. 
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Figure  35.  Deviations  of  calculated  thermal  conduc¬ 
tivity  from  measured  thermal  conductivity  vs  degree 
of  saturation  of  unfrozen  fine  soils.  Deviations  ex¬ 
pressed  as  a  percentage  of  the  measured  value ;  de¬ 
viations  outside  the  limits  of  ±  60%  have  been 
plotted  directly  on  top  or  bottom  horizontal  scales 
(a-Kerslen,  b-Johansen.  c-De  Vries ,  d-Gemant, 
e-Mickley,  f-McGaw,  g-l'an  Rooven). 


ranges  ate  laigei  (see  l  ie.  35d-i).  Gemant.  Mickles 
and  McGaw  give  mostly  positive  deviations  loi 
keislen's  soils  and  (iemant  and  Mickles  give  mostly 
negative  deviations  lot  the  other  soils. 

As  with  com  sc  soils  McGaw  shows  a  paiticnlaily 
noticeable  trend  ol  decreasing  deviation  as  the  Sr 
value  lor  a  paitictilai  type  ol  line  soil  increases 
(Fig.  35f).  This  again  suggests  that  application  of  a 
proper  value  ol  the  inter  facial  efficiency  factor  e 
would  give  be  net  agreement.  As  proposed  in  an 
earliei  section.  t:  would  have  a  small  value  at  low 
Ar  values  and  it  would  increase  linearly  to  near 
unity  as  full  saturation  is  approached. 

Van  Rooyen  gives  a  scatter  of  deviations  that  is 
different  fiom  all  the  other  methods  (Fig.  3Sg).  It 
pioduees  mostly  negative  deviations,  except  for 
some  of  Kersten's  samples,  and  the  range  of  devia¬ 
tions  is  unacceptably  extensive.  However,  for  the 
Russian  cherno/em.  Van  Rooyen  gives  good  predic¬ 
tions  for  a  complete  range  of  St  values  front  the  dry 
condition  to  near  saturation.  For  such  a  range 
Johansen  is  the  only  other  method  which  produces 
reasonable  predictions  for  the  chernozem. 

Summary.  Kersten  should  not  he  used  below 
Sr  =  0.3  as  it  would  give  excessive  deviations.  Above 
this  Sr  value  both  Kersten  and  Johansen  give  devia¬ 
tions  within  the  range  35  to  -3 5'/? .  so  that  either 
method  is  equally  applicable.  Below  Sr  =  0.3.  only 
Johansen  continues  to  give  predictions  in  this  range 
and  does  so  until  S,  reaches  about  0.2.  It  is  expected 
that  the  accuracy  of  Johansen  would  improve  with 
knowledge  of  a  proper  value  rtf  k^. 

Use  of  the  Johansen  method  as  it  stands  for  Sr 
values  lower  than  0.2  may  give  more  excessive  de¬ 
viations.  From  the  trends  in  the  deviations  shown 
in  Figure  35b  the  following  suggested  scheme  could 
be  applied: 

1.  In  the  range  of  0.1  <;  Sr  <  0.2,  Johansen  gives 
deviations  between  30  and  -405?.  i.e.  a  rough 
“average”  of  -55?.  The  values  given  by  Johansen 
could  therefore  be  increased  by  55?. 

2.  In  the  range  0  <  Sr  <  0. 1 ,  Johansen  gives 
deviations  between  1  5  and  -455?,  i.e.  a  rough 
“average”  of -l  5%.  The  values  given  by  Johansen 
could  therefore  be  increased  by  1 55F. 

These  specific  suggestions  are  tentative,  being  based 
on  fairly  limited  data. 

Apart  from  Kersten  and  Johansen,  the  other  five 
methods  generally  show  more  extensive  deviations, 
many  of  which  are  unacceptable  so  that  use  of  these 
methods  is  not  recommended. 

Comparison  of  predictions  with  tabubted  Soviet 
values.  The  predictions  of  the  various  methods  are 
compared  in  Table  B1 2  writit  the  values  for  Soviet 
clay  soils  tabulated  in  the  U.S.S.R.  Building  Code 


( |U(,0).  l  ot  these  calculations,  the  value  ol  '  ks  w  as 
assumed  to  be  2.0  W/m  K  but  it  could  he  greater. 
Nearly  all  of  the  values  given  bv  the  methods  are 
lower  than  the  U.S.S.R.  Code  values.  Kersten  gives 
dtffeiences  varying  between  -5  and  -335? ,  these 
difleiences  tending  to  increase  as  the  dry  density 
increases  at  a  given  moisture  content.  Johansen  and 
lire  other  methods  generally  give  lowet  negative 
deviations. 

Applicabilit  y  to  saturated  unfrozen  fine  soils. 

Tlte  applicability  of  nine  methods  was  tested  foi 
Kersten’s  Dealt  clay  (Table  B J 3 >.  Renner's  Leda 
clay  (Table  B14)  and  the  Dames  &  Moore  ( 1073) 
clay  or  silt  (Tables  B1  5  and  Bl b). 

The  Kersten  method  gave  good  predictions,  ex¬ 
cept  for  Penner’s  Leda  clay,  for  which  it  gave  values 
that  were  too  high.  All  the  other  methods,  except 
Van  Rooyen.  gave  good  predictions  overall.  Thus 
seven  methods  are  more  or  less  equally  applicable. 
These  are  Johansen,  De  Vries,  modified  resistor. 
Kunii-Smitlt.  MtckJey  .  McGaw  and  Gemant.  The 
Johansen  method  is  suggested  as  tlte  first  choice. 

Applicability  of  methods  to  frozen  coarse  soils 

For  frozen  soils  only  four  methods  could  be  used, 
i.e.  Kersten.  Johansen,  De  Vries  and  Mickley.  The 
predictions  of  these  methods  were  compared  with 
the  thermal  conductivity  measurements  made  by 
Kersten  and  Johansen  on  frozen  sands,  gravels  and 
crushed  rocks  (Fig.  36  and  37). 

Kersten  method.  As  may  be  seen  from  Figures 
36a  and  37a,  Kersten  gives  predictions  that  arc  gen¬ 
erally  much  too  high  for  frozen  sands,  gravels  and 
crushed  rocks  having  low  quart/  content.  On  the 
oilier  hand  it  gives  predictions  that  are  too  low  for 
sands  or  crushed  materials  with  high  quartz  content. 
This  is  in  line  with  the  trends  shown  by  Kersten  for 
unfrozen  soils. 

For  frozen  materials  with  intermediate  quartz 
content,  Kersten  shows  conflicting  trends.  For  tlte 
sands  It  gives  deviations  lying  between  35  and  -255? 
at  Sr  values  between  0.2  and  0.6.  At  Sr  values  greater 
Utan  0.6,  the  range  of  deviations  is  narrower,  between 
35  and  -105?.  While,  as  may  be  expected,  the 
Kersten  equation  gives  good  agreement  for  Kersten’s 
own  Chena  River  gravel,  there  are  inconsistencies 
and  wide  divergencies  for  Johansen’s  medium-quartz 
gravels  GRI  and  GR6.  Thus,  even  for  such  materials, 
Kersten  should  be  used  with  caution  and  large  devia¬ 
tions  expected. 

Johansen  method.  Above  an  Sr  value  of  0.1 
Johansen  generally  gives  good  or  adequate  predic¬ 
tions  (within  *35%)  for  frozen  sands,  gravels  and 
crushed  rocks  of  any  quartz  content  (Fig.  36b  and 
37b).  However  there  are  some  exceptions,  such  as 
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Sf ,  Degree  of  Saturation 


Quartz  Content  (%) 


Data 

Kersten 

Low 

(<40) 

o 

Medium 

(40-65) 

• 

High 

(>65) 

• 

Johansen 

* 

i'igure  36.  Deviations  of  calculated  thermal  conductivity  from  measured 
thermal  conductivity  vs  degree  of  saturation  of  frozen  sands.  Devia¬ 
tions  expressed  as  a  percentage  of  the  measured  value:  deviations  out¬ 
side  the  limits  of  ■.  60%  have  been  plotted  directly  on  top  or  bottom 
horizontal  scales  (a-Kersten,  b-Johansen,  c-De  Vries.  d-Miektey). 


for  several  crushed  rocks,  where  deviations  that  are 
loo  large  occur  at  high  S,  values. 

De  Vries  method.  De  Vries  generally  gives  good 
agreement  above  an  Sr  value  of  0.8  but  even  so 
there  arc  some  exceptions  (Fig.  36c  and  37c). 

Mickley  method.  For  gravels  and  crushed  rocks 
Micklev  appears  to  give  good  agreement  at  5r  values 
greater  than  about  0.3  (Fig.  37d).  while  for  sands 
such  agreement  is  not  obtained  until  Sr  is  greater 
than  0.6  (Fig.  36d).  As  with  the  other  methods  there 
are  exceptions. 

Summary.  Johansen  is  the  method  giving  the 
best  agreement  and  is  generally  applicable  from  an 
,y  of  0.1  to  higher  values.  De  Vries  and  Micklev 
apply  with  good  agreement  at  high  .Vr  values,  greater 
than  about  0.8  and  0.6  respectively.  Kersten  should 
be  used  only  with  medium-quart/  materials  and. 

4‘t 


even  then,  with  caution,  as  it  may  give  large  devia¬ 
tions. 

Effect  of  variation  in  k„.  As  with  the  unfrozen 
coarse  soils,  calculations  were  made  to  determine 
the  effect  of  setting  klt  equal  to  3.0  W/m  K  instead 
of  2.0  W/m  K  (2.0  W/m  K  was  used  to  obtain  Fig¬ 
ures  36  and  37  |cxeept  36a  and  37a] ).  This  pro¬ 
cedure  was  carried  oul  for  the  frozen  sands  and 
crushed  rocks  having  a  quartz  content  of  less  than 
20(7  (Kersten's  North  way  sand  and  Northway  line 
sand:  Johansen's  sand  SA10.  gravel  GR7  and  crushed 
rocks  PCI .  PD7.  PTW  and  PU10).  The  effect  of  the 
variation  in  k:l  is  shown  in  Figures  38  and  30.  The 
sensitivity  to  kn  of  the  theimal  conductivity  from 
each  of  the  three  relevant  methods  is  evident  from 
these  figures. 
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I  igurc  J 7  Deviations  of  calculated  thermal  conductivity  from  measured 
thermal  conductivity  vs  degree  of  saturation  of  frozen  gravels  and 
crushed  rocks.  Deviations  expressed  as  a  percentage  of  the  measured 
value;  deviations  outside  the  limits  of  *  6 ()7r  have  been  plotted  directly 
on  top  or  bottom  horizontal  scales  (a-Kersten,  h-Johatisen,  c-Dc  Vries. 
d-Micklcy). 


(  i'mshIvi  flu-  deviation*-  in  Figures  38  and  3‘) 
coi  lespotuling  to  a  k0  value  of  3.0  W/m  K.  For  the 
tio/en  sands  (Fig.  38a).  Johansen  gives  deviations 
t' i thin  the  lance  40  In  O'  !  provided  Sr  less  titan 
0  <>  At  linger  ,Vr  values  the  deviations  become  too 
high  1  "i  the  (i"/en  cinshed  rocks  a!  5r  values 
above  0  3.  filunsen  gives  deviations  within  the 
lance  3'  t"  ->•  (fie.  30a).  De  Vries  gives  devia¬ 
tions  ’ I i.i i  aie  inn  high  for  sands  at  all  S:  values 
1 1  m  .tsh)  hut  tie  the  eiuslied  rocks  they  become 
teasimable  (38  to  ;  );n  St  values  exceeding  05J 
(tig  3‘>h(  Mu  klcv  also  gives  deviations  (hat  are 
inn  Inch  ini  Minis  (l  it  38c  I  hut  gcitorallv  reason¬ 
able  deviations  .tic  obtained  for  the  crushed  rocks 
at  Sr  values  above  II  4  ( Fm.  U)c). 


Applicability  to  a  frozen  sandy  silt-clay. 
Where  the  coarse  soil  contains  a  large  amount  of 
silt-clav .  as  in  the  case  of  Kersten's  Dakota  sandv 
loam,  the  above  conclusions  appear  to  hold.  As 
Table  HI  7  shows.  Kcrsten  gives  good  agreement  foi 
(Ins  medium-quart/  soil,  but  Johansen  gives  even 
better  agreement.  Again  De  Vries  and  Mickles  give 
good  predictions  only  at  high  Sf  values. 

Applicability  to  saturated  frozen  coarse  soils 
For  the  saturated  condition,  in  addition  to  the  tour 
methods  used  above,  modified  resistor  and  Knnn- 
Smitlt  may  be  used.  Tables  Bl  8-1)22  give  a  repre¬ 
sentative  picture  of  the  resulting  deviations,  as  do 
Figures  36  and  37  for  the  pievious  lour  methods 
(see  values  loi  ,S'r  =  1 .0). 
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Figure  38.  Effect  of  variation  in  thermal  conduc¬ 
tivity  k ,  of  soil  solids  other  than  quartz  on  tin  de¬ 
viations  of  calculated  thermal  conductivit  v  of  fr<  >:en 
low-quart z  sands  ('q  <  0.20 )  at  various  degrees  of 
saturation.  Deviations  expressed  as  a  percentage  •  > I 
the  measured  value:  deviations  outside  the  limirs  of 
i  609 !  have  been  plotted  directly  on  top  or  bottom 
horizontal  scales  (a-Johansen,  b-Dc  Vries,  c-Mieklcyi. 


Sr ,  Degree  of  Soturotion 


the  limits  of  •  60%  have  been  plotted  directly  on 
top  or  bottom  horizontal  scales  fa-Johansen, 
b-De  Vries,  c-Mickley). 
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Figure  40.  Deviations  of  calculated  thermal  conductivity  from  measured 
thermal  conductivity  vs  degree  of  saturation  of  frozen  fine  soils.  Devia¬ 
tions  expressed  as  a  percentage  of  the  measured  value:  deviations  outside 
the  limits  of  ■  60%  have  been  plotted  directly  on  top  or  bottom  hori¬ 
zontal  scales  (a-Kersten,  b-Johansen.  c-De  I  rics,  d-MickleyJ. 


Korsien  gives  predictions  t ha t  are  too  high  for  the 
low-quart/  crushed  rocks  (except  l’U7 )  and  high 
even  lor  the  medium-quart/  giavel  (iRl .  The  best 
methods  to  use  are  Johansen.  De  Vries.  Mickley. 
modified  resistor  or  Kunii-Smith.  any  of  which 
generally  gives  good  agreement  (except  lot  crushed 
rock  PU(>  which  is  anomalous) 

Applicability  of  methods  to  frozen  fine  soils 
The  lour  methods  applicable  to  unsaturated 
frozen  soils  (Kerstcn.  Johansen,  De  Vries  and  Micklcv) 
were  tested  on  Kersten's  Hcaly  clay,  the  CRRFL 
varved  clay  (Haynes  et  al.  1980).  the  active  layer 
silt  or  clay  and  the  permafrost  silt  of  Lachenbruch 
(pers.  comm.).  Fenner's  (1970)  Leda  clay,  and  the 
undisturbed  permafrost  of  Slusarchuk  and  Watson 
( 1975 ).  The  value  oft,  was  either  that  given  by 
the  experimenter  or.  if  not  known,  taken  as  2.0 


W/m  K.  In  the  case  of  the  Leda  clay  of  Fenner 
( 1970).  the  unfrozen  water  content  (I'WC)  was 
obtained  from  his  data,  l  or  the  other  soils  UWC  was 
taken  as  zero  or  a  suitable  value  assumed.  The  de¬ 
viations  resulting  from  the  application  of  the  fom 
methods  aie  shown  in  Figure  40. 

From  these  limited  results,  ii  is  seen  that  Kerstcn 
gives  good  predictions  (generally  between  20  and 
-35'f  deviations)  up  to  an  ST  value  of  about  0.9. 
above  which  if  overpred icts  considerably  for  Fenner's 
Leda  clay  and  for  Slusarchuk  and  Watson's  perma¬ 
frost.  While  Johansen  shows  a  tendency  to  ovei  pre¬ 
dict  below  an  .S’,  value  of  0.1 .  it  otherwise  gives  good 
or  adequate  agreement  (generally  within  •  55' ", ) 
up  to  and  including  full  saturation.  Above  an  .V, 
value  of  about  0.4.  He  Vries  gives  values  very  similai 
to  Johansen.  Mickley  is  the  worst  predicloi  of  all 
and  only  gives  reasonable  results  at  high  values  ol 
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.S'r  (above  0.8  roughly)  bu(  even  then  shows  some 
excessive  deviations. 

Calculations  were  made  using  the  data  available 
tor  soils  4  through  10  ol‘  Penner  et  al.  ( 1075).  These 
weie  silt-clay  materials  with  little  or  no  sand,  except 
for  soil  7  which  contained  about  40 %  sand-gravel 
(but  was  nevertheless  a  plastic  material).  The  actual 
values  of  As  are  unknown  so  a  value  of  5.0  W/m  K 
was  assumed.  This  introduces  some  uncertainty  into 
the  calculated  deviations  which  are  given  in  Tables 
B23-B29.  Three  values  of  UWC  were  used  in  each 
set  of  calculations,  i.e.  0.0.  0.05  and  0.10.  Again 
there  is  uncertainty  about  the  propel  UWC  value; 
UWC'  will  vary  from  soil  to  soil  depending  particu¬ 
larly  on  the  soil's  specific  surface  area.  However  the 
UWC  value  is  expected  in  every  case  to  be  greater 
than  zero  at  -5°C.  the  temperature  to  which  the 
measured  values  are  applicable. 

Kersten  is  of  course  independent  of  ks  and  the 
UWC  value.  Tables  B23~B29show  that  Kersten  gives 
agreement  which  varies  from  very  good  to  barely 
satisfactory  (up  to  56%  deviation).  In  the  case  of 
Johansen,  excepting  soils  8  and  10.  the  agreement 
is  generally  good,  providing  the  UWC  value  is  taken 
as  0.05  or  0. 1 0.  This  shows  the  importance  of 
assuming  a  proper  value  for  UWC  in  the  Johansen 
method.  Soils  8  and  10  in  fact  contain  the  highest 
proportion  of  clay-sized  material  ( -  54%).  Thus  the 
assumption  of  a  value  of  UWC  greater  than  0.10  for 
these  soils  should  improve  agreement  by  reducing 
the  calculated  values. 

De  Vries  is  particularly  sensitive  to  the  UWC 
value,  as  is  evident  from  Tables  B23-B29.  Apart 
from  soils  8  and  10,  De  Vries  gives  good  agreement, 
with  the  assumption  of  a  certain  value  of  UWC. 
Mickley,  on  the  other  hand,  shows  little  sensitivity 
to  the  UWC  value,  but  gives  good  agreement  at  Sr 
values  above  0.5,  excepting  again  soils  8  and  1 0. 

Tables  B30-B32  show  the  deviations  obtained 
by  the  four  methods  for  Kersten -s  soils:  Fairbanks 
silty  clay  loam,  Northway  silt  loam  and  Ramsey 
sandy  loam.  The  deviations  were  calculated  at  a 
UWC  value  of  zero,  but  in  the  case  of  the  Fairbanks 
silty  clay  loam  calculations  were  also  made  at  a  UWC 
value  of  0.06  to  determine  the  resulting  effect.  Ker¬ 
sten  generally  gives  good  agreement  for  these  loams, 
as  may  be  expected  because  the  Kersten  equation 
was  fitted  to  these  data,  but  it  gives  some  high  values 
(around  25%)  for  Northway  silt  loam  (this  loam  has 
low  quartz  content,  whereas  the  others  have  medium 
quartz  content).  Johansen  generally  gives  values  that 
are  too  high,  although  predictions  are  acceptable  for 
some  samples  of  Ramsey  sandy  loam  and  for  samples 
of  Northway  silt  loam  at  high  Sr  values.  Assumption 
of  a  proper  UWC  value  would  help  to  improve  agree¬ 
ment  when  using  Johansen,  as  it  does  to  a  certain 


extent  for  Fairbanks  silts  cla\  loam  l  iable  B50) 

The  ellecl.  howcvci.  may  not  lie  Millieiem.  suggesting 
that  Johansen  should  not  generally  be  applied  to 
frozen  loams,  i.e.  silt-clays. 

IX'  Vries  and  Mickley  also  give  unaeeepiabls  high 
values  for  these  loams,  but  Mickley  tends  to  give 
good  agreement  at  high  Sr  values  lot  Noithwav  silt 
loam. 

Summary.  Kersten  gives  the  best  agreement  up 
to  an  value  of  0.9; above  this  it  provides  many 
unacceptably  high  predictions.  It  also  gives  high 
(but  acceptable) deviations  for  a  low -quart/  loam 
(Northway  silt  loam)  but  not  for  a  low -quartz  clay 
(Mealy  clay). 

Johansen  generally  gives  good  predictions  fiom  an 
Sr  value  of  0.1  up  to  full  saturation,  provided  a 
suitable  UWC  value  is  used.  However  this  method 
gives  some  unacceptably  high  predictions  for  the 
frozen  loams.  De  Vries  gives  similar  results  to  Johan¬ 
sen  for  St  values  above  0.4.  while  Mickley  generally 
gives  good  predictions  at  higher  Sr  values,  preferably 
greater  than  0.8. 

Comparison  of  predictions  with  tabulated  Soviet 
values.  The  predictions  of  the  four  methods  were 
compared  with  the  data  for  frozen  clay  soils  tabulated 
m  tlte  U.S.S.R.  Building  Code  ( I960).  The  ks  value 
w'as  taken  as  2.0  W/m  K  and  the  UWC  as  zero,  the 
actual  values  being  unknown.  The  comparative  re¬ 
sults  are  shown  in  Table  B33  which  gives  the  differ¬ 
ences  between  the  calculated  values  and  the  Soviet 
tabulated  data.  Below  an  Sr  value  of  0.36  (moisture 
content  of  18%  ).  Kersten  gives  deviations  that  are 
too  low  (extending  to  -50%  ).  but  it  agrees  well  at 
higher  Sr  values.  Johansen  gives  somewhat  better 
agreement  than  Kersten.  while  De  Vries  provides  the 
best  agreement  throughout  the  saturation  range  from 
an  ST  value  of  0.14  to  full  saturation.  Mickley  gives 
good  agreement  at  high  Sr  values  and  also,  surprisingly  . 
at  Sr  values  below  0.2. 

Applicability  to  saturated  frozen  fine  soils.  The 
usable  data  that  are  available  for  saturated  frozen 
fine  soils  arc  rather  limited.  However  they  are  suf¬ 
ficient  to  show  some  trends. 

Table  B34  shows  the  results  of  calculations  on 
Benner’s  data  lor  Leda  clay  at  temperatures  fiom 
-2.5  to  -22 °C.  The  values  for  ks  and  UWC  were 
taken  from  Penncr’s  data  (Penner  1970).  Kersten 's 
equation  gives  deviations  that  are  too  high,  apart  from 
the  fact  that  it  cannot  allow  for  the  effect  of  UWC 
Johansen  and  De  Vries  give  very  good  agreement 
throughout  the  temperature  range.  The  other  methods, 
modified  resistor,  Kunii-Smith  and  Mickley  give  ade¬ 
quate  or  borderline  agreement  (lip  to  a  deviation  of 
37%). 

In  the  case  of  Penner 's  Sudbury  silly  clay,  appro¬ 
priate  values  of*s  and  UWC  were  again  obtained  fiom 
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I’. ;mc-  \  (  1 11  "Ul  djl.i  I  he  calculated  value'  mi  tile 
v  .11  hi--  icdiods  a: .-  »  oil  i  paled  \s  1 1 1 1  l iu-  me  ism  cd 
i  liiii-i  .it  I  cm  oca  lines  vat v  tmiii  U  to  -I'-'.  '  ill 
I  I-  li;'  kc'steil  CUv''  .1  lni’il  deviation  (-1  s  .  )  ,il 
U  (  .  hill  IlLMI.U-  KvlsICIl's  piedulloil  does  ml  cl l.l I IV 
will)  tcuipeMlnie  n  .leiecs  well  w nil  ilic  l.ugei  meas¬ 
ured  values  at  -2  5  l  and  lowct .  Johansen  aiul 
IX  Vues  vyve  v‘\vcllv’in  ac'ccment  diioughoiit  tile 
U’in|Vi atmc  lange  whereas  modi  lied  icsistoi.  kuim- 
Smith  in.!  Mtcklev  .tie  salisl.ii  tm  \  .ii  -2  C  and 
below  III  eve  i  hi  ee  laltci  methods  show  lit  tic  dil- 
k-teikc  in  'luii  piedictionx  liont  the  values  given  In 
.i  gcmc'iic  i ii.' ;i n  equation  assuming  ! w . )  phases  mill  . 
i.c.  si'li.!'  .ii i.l  ice. 

Ml  the  methods  give  excellent  oi  good  agicement 
l.i;  Mill  '  l.ii  -  5  C)  o!  I’ennci  et  al.  (  N75 )  aikl  I’m 
l lie  i in.ii slu i  h.'.l  pe: null  i  osi  (  al  -o  ('  I  .*i  Slns.iiehiik 
.in.:  \V  aK.ni  (  I  '>"5  ).  ;|S  is  evade  ill  1 1 "in  1  ahles  BoO 
aii.l  11.' "  in  \. Iiieli  f  ttf  is  assuiiie.l  /.'in 

•\|si.  ilieie  is  geneially  good  aeicemem  with  the 
l  S  S  K  Building  Code  (  I'toOl  .lata  toi  saniiate.l 
* 1 1 i/Vfi  line  sods.  especially  at  I* >w  diy  densities  .mil 
Inch  moisture  (tee)  content  (again  l  VU  is  assumed 
/cm).  as  shown  in  1  a  hie  Bob. 

It  m.iv  he  concluded  that  Johansen  and  i)e  \  nes 
else  the  best  agreement  and  aie  e.ipahle  of  taking 
niio  aeeoimt  die  effect  oi  the  unlio/en  walei  eon- 
tent.  Modified  leststor.  Kiiihi— Sinn h  and  Micklev 
aie  not  as  good  and  mas  not  he  quite  adequate, 
keisteti  gives  some  predictions  .dial  aie  loo  high  and 
it  cannot  allow  lot  I'WC  or  its  vaiiation  with  tempet- 
atine. 

Applicability  "I  methods  to  dry  soils 

l he  Keisieti  equatu'tis  are  ii.'t  applicable  to  .1 1 > 
soils:  mu  is  the  liemant  method,  [lie  Miekley  equa¬ 
tion  gives  values  that  aie  mneh  too  high  and  so  does 
the  Mehaw  ei|uatn'ii  w lien  the  intei facial  efficiency 
i  is  taken  as  unity .  1  lie  other  methods  that  were 
evaluated  on  data  lot  diy  soils  weie  Johansen.  I)e 
Vues  (and  adjusted  he  Ynest.  modi  lied  resistoi . 
Kunii-Smith.  Smith  and  Van  Rooyen 

Applicability  to  dry  coarse  soils.  The  various 
methods  were  evaluated  by  eomparitig  their  pre¬ 
dictions  with  tlie  measuied  values  obtained  by 
Johansen  (pers.  comm.)  in  his  experiments  on  certain 
natural  gravels  and  sands  as  well  as  on  some  ernshed 
rocks.  These  particular  data  weie  used  because  the 
quart/  composition  of  these  materials  was  known 
so  As  could  be  calculated  and  used  in  the  various 
methods.  Johansen  is  the  c.nlv  method  which  spec¬ 
ifies  different  equations  tor  natural  soils  and  toi 
crushed  maleitals  In  the  ease  of  Smith,  an  appro- 
pi  tale  value  for  a  was  used 

Johansen  gives  the  best  agreement  lot  the  gravels, 
mostly  within  *25'-'.  followed  closely  In  !)e  Vues 


(e.g.  1  able  Ik''1 1  Adpisk  d  I  X- Vi  ics.  Sum  li .  V.u, 
Rooyen  ami  n-  d-ti.-d  .si.i.-i  ;vuciall>  give  g. » al 
.igi eemeiu  Imi  ilieie  aie  son,.-  uu  onsisieu  _  aes .  dev u- 
•  ions  in  excess  ■•!  '5  oeetu.  Kunu-Sniitll  goes 
•naiiv  deviations  i hat  an-  loo  high  and  should  the!.'- 
loie  not  he  applied  to  vi.ivcls. 

Aii.iIvms  o|  the  .lata  to;  rite  sands  slums  dial 
Johausen  o  the  best  im-iliod.  pmvuling  good  to 
excellent  agieemeiit .  with  .ill  the  deviations  being 
negative  (but  not  h-.-iow  -25'  I.  I  be  adpisled  l)e 
Vues  nteihod  also  _ives  good  loexeellen'  predictions 
Vodilje.l  i exist "I  and  lx-  Vues  tollow  closely  bihmd 
Hie  lemammg  three  melho.lv.  kmui-Simlh.  S  r  • ;  1 1 1 1 
and  Van  Rooyen.  while  showing  some  good  .igi eemeiu 
also  give  deviations  that  aie  excessive  (e.g  Table  IJ40 
(or  one  of  the  sands). 

i  oi  tin-  n.iiiii.il  co.i-vc  soils,  the  gtavels  and  sand', 
loliatisen  give-  'lie  best  icsiihs  (within  ■  ■  ).  I)e 

Vi ics.  adjusted  I )c  V: tes  and  nu idilted  resisioi  gen- 
eiallv  give  good  oi  adequate  piedie' ioi.s  w  itliin  2 '  . 

with  some  values  slightly  bey  ond.  While  Smith  and 
Van  Rooyen  give  some  good  predictions,  they  also 
give  some  excessive  deviations.  Kumi-Smtth  gives 
unacceptably  high  deviations  I'm  the  gtavels  and 
should  theiefoie  be  considered  tnapplie able. 

I  oi  the  eiiishcd  o\-ks.  the  modified  icsistoi  is  the 
best  method,  followed  bv  adjusted  l)e  V  nes.  Aliliougl 
Johansen  gives  some  good  piedietions  it  also  pi  ovules 
a  numbei  of  excessive  deviations,  positive  and  nega¬ 
tive.  .Also  Johansen,  because  ii  accounts  foi  the  p  -  n 
osiiv  only .  is  mseiisitive  i.i  tempeiatiue  changes  winch 
,i ■  t e c r  die  value  of  A^.  llieothei  font  methods,  kunii- 
Smith.  Smith.  Van  Rooyen  and  l)c  \  lies,  show  tin- 
acceptable  deviations  and  should  tliereo'ie  be  te- 
leeted  (e.g.  1  able  B4 1  ). 

Applicability  to  dry  fine  soils.  Comparisons  were 
made  between  calculated  values  and  values  measmed 
on  line  soils  l.v  Smith  and  Byeisl  lu.'8).  Adjusted 
IV  ATies  and  modified  resistoi  give  the  best  agree¬ 
ment,  genet  ally  well  within  •  15’-'.  The  agreement 
with  Johansen  is  not  as  good  It  pt ovules  negative 
deviations  extending  to  -25  ' 

A  similar  pietuic  holds'  u  l.-h.insen's  (pers. 
comm. I  dry  silts,  i.e.  adjusted  lie  Vries  and  modified 
icsistoi  aie  best  while  Johansen  gives  negative  devia¬ 
tions  as  low  a'  -.lx'  . 

1  lie  i exults  tot  Johansen's  ( pels  comm.  I  diy  clay 
aie  inteiesting.  In  tins  case  Smith  gives  excellent 
agreement  while  al!  the  otltei  methods  give  values 
dial  are  loo  low.  Tills  mav  be  explained  bv  the 
lormaiion  ol  seeondaiy  aggiegattons  in  this  clax 
which  would  correspond  to  Smith's  deiivation  and 
give  rise  to  mote  effective  heat  ti.mslei  meeli.misms. 
The  ii'sull  would  be  a  eiealci  effective  dieimal  con- 
diictivtiv  lot  i he  s"d 
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DISCUSSION  AND  CONCLUSIONS 


I  he  .  Dw/rviv \U  ili<hh  U>r  (uU  ithniiii!  Thermal 
l\>Hilin1ivitv  section.  desenhed  (lie  basis  hi  each  ul 
the  methods  lot  cakulaung  the  then'  ninlucttvity 
lit  Mills.  I  he  etteet  mi  tuts  eaiciil.it'  ue  ol  vat- 
tatinns  in  the  si'll  mi'ist'iie  emneti'  md  ihe  dry 
dctistlv  was  deiei mined.  I  lie  scnsuivuv  to  changes 
i [ >  the  solids  thcim.il  conductiviiv  As  was  aho  louikl. 

In  hi  de1  to  ileie i  Mime  the  pie  he  lions  nt  the  methods 
it  was  neccssai  v  t"  know  the  mi!  iiutietal  oniipi'M- 
tt  oi  i .  pat  ticulat  Iv  the  i[ttar  t/  .  am  tout  t  o  mi  which 

^ < H i K1  he  calculated.  These  piedteiiotis  were  eom 
Pared  with  experimental  data  til  the  Tntluati<»i  oj 
\leilu':ls  for  Culeuliirini:  Thermal  CTiiJucnviiy 
section  to  determine  the  applicability  of  the  methods 
to  various  tv  pes  and  conditions  of  soils. 

I  in  must  practical  applications  it  is  sufficient  to 
know  the  thennal  conductivity  to  within  about  i25" 
ol  its  tme  value,  Variation  in  soil  properties  from 
point  to  point  m  tlie  field  because  of  a  lack  of  homo- 
genetty  could  mean  variations  in  the  thermal  con¬ 
ductivity  to  a  similar  extent.  It  is  pointless  to  attempt 
to  calculate  thermal  conductivity  values  to  a  higher 
degree  of  accuracy  .  Reasonable  predictions  arc 
Iheiefore  considered  to  be  those  that  do  not  de¬ 
viate  more  than  about  -25'  1  front  measured  values. 

Major  errors  are  caused  by  not  taking  the  soil 
mineralogical  composition  into  account.  According 
to  Johansen  ( I  l>7s)  this  error  could  introduce  un¬ 
certainties  of  about  •  50' ;  into  the  thermal  conductiviiv 
value.  It  is  ohviouslv  impotuni  to  use  a  suitable 
A  value  in  the  methods  that  are  based  on  the  lit'  .- 
erai  composition. 

Applicability  to  unfrozen  soils 

for  un frozen  soils  Kersten,  (iemant.  De  Viies  and 
Johansen  show  roughly  similar  trends  with  respect 
to  variation  of  thermal  conductivity  with  moisuue 
content  tv  at  constant  dry  density  yit  or  with  yd  at 
constant  to.  Mickley  also  gives  similar  trends  for 
fine  soil,  hut  lor  coarse  soil  the  curve  of  thermal 
conductivity  against  tv  (at  constant  yd  )  has  an  oppo¬ 
site  curvature,  indicating  an  increasing  rate  ol  change 
of  thermal  conductivity  with  increasing  rc  which  is 
lontrary  to  what  may  be  expected.  Similar  to 
Mickley ,  Mc(>aw  gives  values  that  are  too  high  in  the 
drv  or  neatly  dry  condition,  requiring  an  inlerfacial 
efficiency  laclot  ol  less  than  unity  to  be  applied. 

Jins  method  also  gives  a  vert  low  sensitivitv  of  the 
thennal  conductivity  to  variations  m  re.  Van  Rooyen 
shows  rather  odd  thermal  coiultiilrvjiv  behavior,  pa i - 
Ocularly  at  high  values  of  w  and  yd  vvhcie  it  becomes 
obviously  inapplicable. 

A  comparison  of  Tables  I  and  2  leveals  that  all 
the  methods,  except  Kei'ten.  show  ,m  .ib.adu'e  seitst- 


1 IV  1 :  \  Stt  -I  the  lliet.Ua!  iHlkitk  l|V  It',  tnlvljl  enli¬ 
st  ant  y j  )  that  is  small  i  !■  a  'lie  !cie  s- >tl  than  ho  the 
eoaise  soil  VS n h  tespect  ti.  r lie  absolute  ven  itivitv 
v  i  **  the  thett.ial  cot  id  Met  tv:  tv  In  ■>  i  at  ■  ut-  taut  w  1. 
Kci  u.ii  gives  the  li.vv.st  value  lor  '.mh  ./er  .o.iise 
m  i!  ,  i'u!  the  1 1 1 g 1 1  -si  value  m  uu'to/.-u  tme  -ops 

I  tgutes  J  I  and  2." .  vv  lm  f  aoplv  ’ "  cat  se  -•  "i  • . 
si'.'W  that  keisteu  .iirve-  :li  •  ivweu  cmti  :  u  ili-.i.ma! 
conductiviiv  j-  .a  I'i'.iu  c  u.  nil  ihe  ntlict  methods, 
ketiten's  equation  tm  .“.nv  soil  implies  a  A.  ■' 
about  5  W  m  k  1 1  a'ouki  I  l,X  1  !  Keis'vn  sh  .ul.t 
tiieie/inc  tint  beajr, oiled  to  uidnveti  vojise  vuls 
having  a  bid.  put  t/  .  ontent .  since  it  serin. isl\  undei- 
pic dis  n-  ' .  i  these  s  1  * ! s .  On  the  nt'iet  hand  tt  nve; - 
piediif  !"i  snils  having  a  inw  ipta!  zcnmei;'.  It 
should  theieloie  be  applied  only  t..  dinse  unfrozen 
coarse  sups  with  intermediate  rptait/  conletit.  say 
about  (it)"  of  the  soli  solids. 

foi  degtees  of  saturation  .S'  above  0.2.  Joliansen 
p'ovtdes  the  best  agteemenl  with  the  data  !ot  tin- 
iro/en  coarse  soils,  giving  deviations  which  are  gen¬ 
erally  in  the  range  •.  25' while  De  Viies  jtul  ( iemant 
generally  deviate  a  little  more.  As  can  be  seen  from 
figure  25.  which  applies  lo  .Vr  =  0.5,  De  Vries  gives 
a  euive  parallel  and  very  close  to  Johansen's,  while 
Ucmant's  curve  is  somewhat  higher.  In  the  range  of 
A,  values  from  0.1  to  0.2.  De  Viies  in  fact  gives  the 
best  agreement,  with  deviations  between  10  and  -50 T. 
while  Johansen  is  next,  cover  in  g  a  widet  langc  between 
20  and  -40"  .  Below  .m  .S’,  value  of  about  0.1 .  none 
ol  the  methods  gives  good  ptediv tint's,  except  Van 
Rooyen.  Ibis  method  gives  teasotiable  values  On 
sands  and  gravels  down  to  .S'  values  about  0.015. 
Ilovvcvei  it  under predicts  excessively  tot  the  cutshcd 
rocks  ol  low  tpiait/  content  winch  may  be  because 
Van  Rooy  en's  empirical  equation  is  not  based  on 
data  t or  such  materials. 

figures  22  and  2(s  show  that,  for  unfrozen  fine 
'soils.  Kersten  gives  the  highest  curve  for  the  thermal 
conductivity  (Mc<iau  gives  slightly  higher  values  foi 
unfrozen  line  soil  |l  ig.  2(r|  ).  The  Kersten  equation 
for  fine  soil  implies  a  As  of  around  5.0  \V/tn  K  (farouki 
1  lZ8 i  f  Johansen.  De  Vries,  (iemant  and  Mickley 
all  give  curves  that  are  quite  close  together  at  ST  =  0.5 
and  .S'r  =  1 .0  over  the  whole  dtv  density  range.  Jo¬ 
hansen  generally  gives  the  best  predictions  over  the 
whole  range  of  S  values  Above  ,S'r  =  0  2  it  gives 
deviations  K  ing  within  the  range  •  55"  but  below 
•S’,  =  0.2  they  mav  be  as  low  as  -4  s"  Kersten  may 
be  applied  above  ,S'r  -  0.5  where  it  gives  deviations 
within  the  range  •  55'-  as  does  Johansen.  However 
Kersten  should  not  be  applied  below  .S"r  0.5  because 
tt  then  gives  excessive  deviations. 

Applicability  to  frozen  soils 

In  the  case  o|  Iro/en  soils,  the  tom  appluable 


methods  (Kersten,  Mickley,  De  Vries  and  Johansen) 
show  generally  similar  trends  with  respect  to  varia¬ 
tion  of  the  thermal  conductivity  with  7d  at  constant 
H'  ( Fig.  I  1  and  12).  With  regard  to  variation  of  the 
thermal  conductivity  with  ve  at  constant  yd.  both 
Kersten  and  Johansen  give  a  linear  relationship. 

De  Vries  shows  a  lower  rate  of  increase  in  thermal 
conductivity  with  increasing  »v,  while  Mickley  gives 
a  faster  late.  The  latter  behavior  is  contrary  to  ex¬ 
pectation  (see  F  ig.  a  and  4), 

Above  a  moisture  content  of  5'V,  sw  is  greater  for 
frozen  soil  than  for  unfro/en  soil  (compare  Tables 
3  and  4  with  Tables  1  and  2  respectively).  This  may 
be  expected  because  the  thermal  conductivity  of 
ice  is  considerably  liighei  than  that  of  water.  Com¬ 
paring  Table  4  to  Table  3  one  can  see  that  su  is 
greater  for  frozen  coarse  soil  than  for  frozen  tine 
soil.  At  a  dry  density  of  1 .4  g/em3,  Johansen  gives 
a  value  of  for  the  coarse  soil  which  is  slightly  more 
than  twice  the  value  for  fine  soil,  while  Kersten  gives 
a  value  only  about  40r7  larger.  Both  Johansen  and 
Kersten  give  values  of  sw  that  remain  constant  with 
changes  in  w  at  a  given  7d.  The  value  ofsw  increases 
with  7d,  particularly  so  for  the  coarse  soil. 

As  with  unfrozen  coarse  soils,  Kersten  overpredicts 
tor  frozen  coarse  soils  having  low  quartz  content, 
while  it  underpredicts  when  they  have  a  high  quartz 
content.  Figures  23  and  27  show  the  low  values 
given  by  Kersten  as  compared  with  the  other  methods 
in  which  a  ks  value  of  8.0  W/m  K  was  used.  Also 
Table  3  shows  that  Kersten  gives  a  considerably  lower 
jw  value  than  Johansen. 

For  unsaturated  frozen  coarse  soils,  Johansen  gives 
the  best  predictions.  These  are  reasonable  for  Sr 
values  above  0.1  (approximately),  while  below  this 
value  Johansen  gives  some  excessive  deviations  (though 
remaining  the  best  predictor).  While  Mickley  and 
De  Vries  may  be  applied  with  good  results  at  high 
ST  values  (above  0.6  for  Mickley  and  above  0.8  for 
De  Vries),  computations  can  be  more  easily  carried 
out  with  Johansen  so  that  its  general  use  is  suggested 
for  these  soils. 

With  regard  to  frozen  fine  soils  at  Sr  =  0.5.  Kersten 
provides  a  curve  of  thermal  conductivity  against  7d 
which  differs  little  from  the  curves  provided  by  Jo¬ 
hansen  and  Mickley.  while  De  Vries’  curve  is  apprec¬ 
iably  higher  (Fig.  28).  Also  Table  4  shows  that  Kersten 
and  Johansen  give  sw  values  that  are  nearly  the  same. 

While  the  predictions  of  the  methods  were  com¬ 
pared  with  only  a  limited  amount  of  available  data 
for  unsaturated  frozen  fine  soils,  certain  trends  can 
be  seen.  Kersten  provides  good  agreement  (generally 
within  *  30'7 )  up  to  an  Sr  of  0.9.  Beyond  this  it 
gives  deviations  that  are  too  high  for  naturally  occur¬ 
ring  frozen  soils  such  as  Siusarchuk  and  Watson’s 


undisturbed  permafiost  and  Pennei’s  Leda  clay 
(Fig.  40a).  On  the  other  hand,  while  Johansen  gives 
a  tew  high  deviations  at  values  of  ,S’r  below  0.1 ,  n 
otherwise  generally  gives  good  predictions  (within 
;  35(f)  up  to  and  including  ,Vr  =  1  (saturation).  Thus, 
while  Kersten  may  be  applied  for  values  of  Sr  below 
0.9.  Johansen  should  be  used  for  higher  values  of 
5r.  De  Vries  gives  values  close  to  Johansen  at  Sr 
values  above  0.4.  Both  these  methods  can  allow  in 
then  equations  for  the  presence  of  unfrozen  water, 
while  Kersten  cannot  do  so. 

Applicability  to  saturated  soils 

In  a  saturated  soil  the  ratio  of  the  thermal  con¬ 
ductivities  of  the  phases  is  low  .  It  varies  from  nearly 
15:1  for  quartz-water  to  about  I  :  1  for  clay-ice. 

Such  a  low  ratio  means  that  application  of  a  geometric 
mean  equation,  as  in  the  Johansen  method,  should 
give  good  agreement  with  measured  values  (Farouki 
1981 ).  In  fact,  for  the  unfrozen  soils  all  the  applic¬ 
able  methods  (Johansen.  De  Vries.  Ciemani.  Mickley . 
Mcfiaw.  Kunii— Smith  and  modified  resistor,  bin  not 
Kersten  and  Van  Rooven)  gave  good  agreement.  The 
resulting  deviations  were  within  the  range  r  25r».  The 
easiest  method  to  use  is  Johansen  as  it  reduces  to  a 
simple  geometric  mean  equation. 

The  situation  is  similar  for  saturated  frozen  coarse 
soils  where  any  of  the  applicable  methods  (Johansen. 

De  Vries.  Mickley.  modified  resistor  and  Kunii-Smith ) 
may  be  used  except  Kersten.  The  Kersten  method 
overpredicts  for  low-quartz  coarse  materials,  frozen 
or  unfrozen,  in  the  saturated  condition  just  as  in  the 
unsaturated  condition. 

For  the  saturated  frozen  fine  soils.  Johansen  and 
De  Vries  give  the  best  agreement.  Moreover  they  are 
capable  of  taking  the  unfrozen  water  content  into 
account  which  Kersten  and  the  other  methods  cannot. 

It  is  important  to  know  the  unfrozen  water  content 
present  in  a  given  fine-grained  soil  at  temperatures 
below  0°C.  This  depends  in  particular  on  the  specific 
surface  area  of  the  soil. 

It  should  be  noted  that  Johansen  assumes  that  the 
thermal  conductivity  of  the  unfrozen  water  is  the 
same  as  that  of  ordinary  water.  While  this  may  be 
true  for  a  large  part  of  the  unfrozen  water,  it  has  been 
proposed  that  the  strongly  adsorbed  unfrozen  w'atei 
(the  boundary  phase)  may  have  a  relatively  high  thermal 
conductivity,  perhaps  even  liighei  than  that  of  ice 
(Farouki  1981 ). 

Effect  of  soil  mineral  composition 

In  calculating  soil  thermal  conductivity  it  is  im¬ 
portant  to  know  the  soil  mineral  composition,  par¬ 
ticularly  its  quartz  content,  as  has  been  stressed.  It 
has  been  shown  that  the  Kersten  method  should  not 
be  applied  to  coarse  soils  having  high  or  low  quartz 
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Theie  is  Mime  unccitutirv  legakhng  ilie  "tine" 
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n.llietivitv  values  o'  the  i,ilait/  tv  sta*  i  u  v.i'incd 
along  and  at  tight  angles  m  i:  v  pm  tip.e  a  vis  lA 
and  A  respectively  |.  Recently  I  miMpets  i.uiun  i 
teporled  a  quartz  theiiiij.  coiidm  nv .tv  oi  HI  \\  ink 
wlneli  was  intened  Hum  measuieinents  on  saliualed 
mateiials.  Ilowevci.  n  i'  dntieult  to  see  Innv  sueli 
a  hi  eh  value  ean  result  ln'in  the  lahulaied  values  ot 
A  ami  k  I  I  able  14).  I  uilhei  leseaieli  on  tins 
mallei  is  neeessaiv 

Snnilailv  moie  data  aie  requited  on  the  theitnal 
conductivity  o’  mineials.  otliei  than  quart/,  that 
inav  he  present  m  soils.  In  particular  ineasuieinents 
ol  the  values  lor  the  vaiious  clay  minerals  would  he 
useful.  There  are  indieations  that  the  tit  nal  pro¬ 
perties  of  kaolimte.  illite.  inontmorillonite.  ele  may 
he  different. 

If  a  eoarse  soil  has  a  high  quart/  content,  the 
thermal  conductivity  ol  the  other  minerals  present 
Ay,  makes  little  dilTerenee  to  the  soil's  thermal  con¬ 
ductivity  .  On  the  otliei  hand,  when  the  quart/  eon- 
lent  is  low.  A,,  and  its  variation  has  a  considerable 
influence  on  ks  and  therefore  on  the  soil  thermal 
eonduetivitv  as  inav  he  seen  from  Figures  oo.  d4, 
dh  and  dl).  With  Johansen  the  elTeet  ol  a  change  ol 
ku  from  2.0  to  d.O  \\  in  K  is  to  metease  the  dev  ia¬ 
tions  bv  20  or  d()'-'  at  intermedia le  .Sr  values  toi  the 
unfroz  condition  (Fig.  ddaland  similarly  for  the 
frozen  condition  (Fig.  dSa). 

For  fine  soils  a  As  value  of  2.0  W/m  K  has  gener- 
allv  been  used  in  the  calculations  in  earlier  sections. 

It  would  be  more  accurate  to  use  a  value  dependent 
on  the  type  of  day  minerals  present  hut  Furl  her  in¬ 
formation  on  these  would  be  required. 

Figures  1 1  and  I  8  ean  he  used  to  determine  the 
effect  of  changes  in  As  on  the  soil  thermal  conduc¬ 
tivity  according  to  the  various  applicable  methods 
(except  Kerstenland  for  unfrozen  or  fio/en  soils. 

The  sensitivitv  ot  the  then’  al  conductivity  toAs 
lestilting  from  Johansen,  l)e  Vries  and  (iemani  in¬ 
creases  markedly  as  -S’r  increases,  more  mi  tor  the 
frozen  condition.  This  implies  that  knowledge  ol  a 
more  accurate  value  of  As  is  mote  unpoitant  foi  soils 
having  higher  values  of  ,S’r. 

Assumption  of  a  suitable  As  value  in  (.cmaiit  gives 
better  agreement  between  its  predictions  and  measmed 
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tin  . |  whiz  con tef  and  ils  theini.d  .oiid.iieliuiv 
tailis  ill. ei  1  iivru  ( iein.ini's  Mibsiihai v  equ.iiw-n  ■ 
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I!--.-  el’tcet  ot  leinperaluie  on  the  value  oi  A\ 
s|i.  -tild  lie  taken  into  aesouni .  I  he  iliei  ma!  coinhw 
t - v  1 1  v  o|  ijwai  tz  itKieases  a-  the  teiupeiai  me  deeie.ises 
a>  shown  ill  I  able  14  Fins  variation  was  allowed 
lot  in  the  calculations  ot  the  /  -.'valuation  of  f't'llimh 
tor  (  ah  itlutinx  thermal  Cothlui  livin'  section.  Sum- 
fails  i lie  thermal  eonduetivitv  of  the  otliei  'oil  mill- 
eials.  except  feldspar,  deeieases  w  ith  incieusiug 
teinpeiatme.  I  eldspai  mav  he  pieseiu  in  soaise  oi 
tine  soii s  and.  u  minerals  otliei  than  quai  iz  ate  also 
present,  the  eflecl  of  the  1  eldspai  would  be  to  pio- 
vide  some  couutei balance  to  the  vatialion  ol  Ah 
with  temper. tune  ( i.e.  A  n  w  on  hi  have  less  sensitivitv 
to  teiupeiature  variation).  Because  ol  the  uncei lauity 
in  ilie  actual  magnitude  ot  A(i.  this  value  was  not 
vailed  with  teinpeiatme  in  the  saleulations  using 
the  vaiious  methods.  Such  an  allowance  mav  he 
Iliads  ii  the  amounts  and  piopertie'  ol  the  mineials 
otliei  than  quartz  ,ue  know n . 

Applicability  to  dry  soils 

l)i  v  soils  have  a  high  i  atm  o|  the  mud  eonduetivitv 
ot  l lie  two  components  (solids  and  ail  I.  \s  a  resiil I 
the  teuton  encompassed  bv  the  llaslun-Shtrikinan 
bounds  is  w  ide  and  a  geomeliic  mean  eq nation  does 
not  give  good  results.  Ilie  ihcini.il  eonduetivitv  is 
lughlv  sensitive  m  variations  in  mien'stiuetuie  (see 
Johansen  l‘)75).  This  is  taken  into  account  bv  Julian- 
sen's  method  which  allows  tin  two  dilteienl  empirical 
equations,  one  loi  natural  and  the  otliei  toi  crushed 
materials.  The  lormei  is  a  Function  only  ol  the  soil's 
dry  density  while  the  latter  is  a  function  ol  its  por- 
ositv  alone.  The  implication  is  tiiat  the  solids  thermal 
conductivity  has  little  etteel. 

The  analy  sis  of  the  predictions  of  the  various 
methods  showed  that  Johansen  applies  well  to  div 
natural  eoarse  soils  (within  •  25'-  )  but  not  to  dry 
crushed  rocks.  The  thermal  conductivity  of  these 
was  het toi  predicted  by  the  modified  resistor  oi 
adjusted  Oe  Vries  methods  (the  Kersteu  method  is 
inapplicable).  These  two  methods  also  applied  well 
for  most  of  the  dry  fine-grained  soils.  However.  Smith 
gave  the  best  tcsults  for  a  dry  clay  .  This  inclin'd 
allows  lor  structural  effects  by  means  of  a  thennal 
structure  factor.  Considerations  ol  sliucture  and 
contact  effects  aie  particularly  important  in  the 
case  of  drv  soils,  fine  or  coarse 
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\  0.2  Johansen 

's  j  nd  \  silt  vlav  tie  man  t 

Saturated  Johansen,  Pe  Vries,  modified  resistor. 

Kunu-Smith.  Mickley ,  (Jemant.  or 
M  c  ( » a  vs 

Nok*  Kerslen's  method  should  not  be  applied  to  coarse  soils 
with  h»\%  or  high  quart/  rtent. 

I  ufrozen  fine  soils 

0  *  Sr  0  I  Johansen  (increase  prediction  by  159() 

ol  •  Sj  •  0.2  Johansen  (increase  prediction  byS'T) 

S  >  <1.2  Johansen 

Saturated  Johansen,  Pe  Vries,  modified  resistor. 

Kunu-Smith,  Mickley.  McGaw  or 
Ciemant 

f  '  >:t  r i  t  (>orsr  ?,>!/•. 

ST  •  0  1  Johansen 

saturated  Johansen.  Pe  Vries,  MicKley.  modified 

resistor  or  Kunu-Smith 

N"te  Kersfen  should  not  he  applied  to  frozen  coarse  soils 
with  low  or  high  quart/  content. 

fmt’  soils 

.*r  1  0.^  Kersten 

0.1  •'  »Vf  v  1  Johansen  (with  suitable  unfrozen  water 

content) 

Saturated  Johansen  and  Pe  Vries  (Kersten  should 

not  be  used  where  unfrozen  water  con¬ 
tent  is  appreciable) 

Ur\  i  Ojrsc  .s'.  >ils 

Natural  Johansen 

Crushed  rocks  Modified  resistor,  adjusted  Pe  Vries 

Dry  fine  SiulS 

Genera!  Modified  resistor,  adjusted  Pe  Vries 

Clay  Smith 
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APPENDIX  A:  PROPERTIES  OF  SOME  TEST  SOILS 


Soils  of  Kersten  ( 1 949 ) 


Table  Al.  General  physical  properties  of  soils. 


Mechanical  analysis  _ Physical  constants _  Tex  rural  class 


Soil 

no. 

Soil 

design a  tion 

Sand 
Gravel  O.Ub 
over  to 
TOO1  ZOO 

Silt 

0.005  Clay 
to  under 
A  05  0.005 

Liquid 3 
limit 

Plasticity 3 
index 

Modified 

optimum 

moisture 

content 

Modified 

max. 

density 

Specific 

gravity 

A  bsorp 
tion 

(%) 

.  U.S.  Bur. 
of  Chem. 
and  soils 

Unified 

soil 

classn. 

P460I 

Chena  River  gravel 

80.0 

19.4 

-  0.6- 

N.P.3 

2.70 

0.75 

Grave) 

GP 

P4  703 

Crushed  quartz 

15.5 

79.0 

-  5.S  - 

- 

N.P. 

- 

- 

2.65 

0.26 

Coarse  sand 

SW 

P4704 

Crushed  trap  rock 

27.0 

63.0 

-10.0- 

- 

N.P. 

- 

- 

2.97 

0.20 

Coarse  sand 

SM 

P4705 

Crushed  feldspar 

25.5 

70.3 

-  4.2- 

- 

N.P. 

- 

- 

2.56 

0.75 

Coarse  sand 

SW 

P4706 

Crushed  granite 

16.2 

77.0 

-  6.8- 

- 

N.P. 

- 

- 

2.67 

0.S6 

Coarse  sand 

SW 

P4702 

20-30  Ottawa  sand 

0.0 

100.0 

0.0 

0.0 

- 

N.P. 

- 

- 

2.65 

0.17 

Coarse  sand 

SP 

P4701 

Graded  Ottawa  sand 

0.0 

99.9 

-  0.1  - 

- 

N.P. 

- 

- 

2.65 

0.19 

Medium  sand 

SP 

P4714 

Fine  crushed  quartz 

0.0 

100.0 

0.0 

0.0 

- 

N.P. 

- 

- 

2.65 

- 

Medium  sand 

SP 

P4709 

Fairbanks  sand 

27.5 

70.0 

-  2.S  - 

- 

N.P. 

12.0 

122.5 

2.72 

- 

Medium  sand 

SW 

P4604 

Lowell  sand 

0.0 

100.0 

0.0 

0.0 

- 

N.P. 

12.2 

119.0 

2.67 

- 

Medium  sand 

SW 

P4S03 

Northway  sand 

3.0 

97.0 

0.0 

0.0 

- 

N.P. 

24.0 

112.8 

2.74 

- 

Medium  sand 

SW 

P4502 

Northway  fine  sand 

0.0 

97.0 

3.0 

0.0 

- 

N.P. 

11.4 

116.0 

2.76 

- 

Fine  sand 

SP 

P4711 

Dakota  sandy  loam 

10.9 

57.9 

21.2 

10.0 

17.1 

4.9 

6.S 

138.5 

2.71 

- 

Sandy  loam 

SM 

P4713 

Ramsey  sandy  loam 

0.4 

53.6 

27.5 

18.5 

24.6 

9.3 

9.0 

127.5 

2.68 

- 

Sandy  loam 

CL 

P4505 

Northway  silt  loam 

1.0 

21.0 

64.4 

13.6 

27.3 

N.P. 

15.7 

112.0 

2.70 

- 

Silt  loam 

ML 

P4602 

Fairbanks  silt  loam 

0.0 

7.6 

80.9 

11.5 

34.0 

N.P. 

1S.S 

110.0 

2.70 

- 

Silt  loam 

ML 

P4710 

Fairbanks  silty 
clay  loam 

0.0 

9.2 

63.8 

27.0 

39.2 

12.4 

18.0 

102.0 

2.71 

- 

Silty  clay 
loam 

ML 

P4708 

Healy  clay 

0.0 

1.9 

20.1 

78.0 

39.4 

1S.0 

17.0 

108.0 

2. 59 

- 

Clay 

Cl 

P4707 

Fairbanks  peat 

- 

- 

- 

- 

N.P. 

- 

- 

- 

- 

Peat 

Pt 

1  Size  in  millimeters.  1  Minus  no.  40  mesh  fraction.  3 N. P.  =  non-plastic. 


Table  A2.  Mineral  and  rock  composition  of  soils  (percentage  by  weight). 


Quartz  Pyroxene,  Kaolinite 


Unified 

By 

By  Ortho- 

Plagio- 

amphibole, 

Basic 

clay  min. 

Hematite 

Soil 

Soil 

soil 

petrogr. 

X-ray  close 

close 

and 

igneous 

and  clay 

and 

no. 

designation 

classn. 

exam . 

analysis  feldspar  Felsite  feldspar 

olivine 

rock 

coat ,  min. 

magnetite 

Mica 

Coal  Others 

P4601 

Chena  River  gravel 

GP 

43.1 

11.6 

12.9 

27.0 

2.1 

3.3 

P4703 

Crushed  quartz 

SW 

95+' 

P4704 

Crushed  trap  rock 

SM 

3.0 

10.0 

50.0s 

34.0 

2.0 

1.0 

P4705 

Crushed  feldspar 

SW 

15.0 

55.0 

30.0 

P4706 

Crushed  granite 

SW 

20.0 

30.0 

40.0 

10.0 

P4702 

20-30  Ottawa  sand 

SP 

99+ 3 

P4701 

Graded  Ottawa  sand 

SP 

99+ 3 

P4714 

Fine  crushed  quartz 

SP 

9S+' 

P4709 

Fairbanks  sand 

SW 

59.4 

3.6 

5.0 

6.3 

8.0 

10.0 

2.5 

0.1 

S.l 

P4604 

Lowell  sand 

SW 

72.2 

20,5 

3.0 

1.3 

3.0 

P4503 

Northway  sand 

SW 

7.5 

11.5 

9.0 

7.5 

51.0 

13.5 

P4502 

Northway  fine  sand 

SP 

12.0 

7.0 

18.0 

12.0 

40.0 

11.0 

P4711 

Dakota  sandy  loam 

SM 

59.1 

12.9 

1.0 

12.  i 

12.4 

2.5 

P4713 

Ramsey  sandy  loam 

CL 

51.3 

11.8 

5.6 

12.6 

15.9 

2.8 

P4505 

Northway  silt  loam 

ML 

1.5 

31.5 

19.5 

4.5 

27.5 

10.0 

5.5 

P4602 

Fairbanks  silt  loam 

ML 

13.3 

40.3 

28.3 

18.) 

P4710 

Fairbanks  silty  city 

ML 

4.6 

59.5 

2.2 

28.9 

1.6 

3.2 

loam 

P470» 

Healy  clay 

CL 

22. S 

S5.0 

22.0  0.5 

1  By  visual  inspection; impurities  less  than  5%.  1  Andesine  feldspar.  1  By  visual  inspection ;  impurities  less  than  1%. 
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Soils  of  Penner  et  al.  (1975 ) 


The  grain  si/e  distribution  cutves  for  soils  no.  4  to 
10  tested  by  Penner  et  al.  ( 1975)  are  given  in  Figure 
Al .  The  sieve  and  hydrometer  analyses  followed 
ASTM  procedures. 


Table  A3.  Atterberg  limits. 


Soil 

no. 

Liquid  limit 
at  25  blows 
wL  (%) 

Plastic  limit, 
wvfV 

Plasticity  index 

4 

37 

21 

16 

S 

25 

18 

7 

6 

30 

21 

9 

7 

28 

14 

14 

8 

43 

24 

18 

9 

33 

22 

11 

10 

48 

23 

25 

The  Atterberg  limits  for  soils  no.  4  to  10  are  given 
in  Table  A5.  Table  A4  shows  the  iclative  proportions 
of  minerals  in  the  size  traction  smaller  than  pm. 


Table  A4.  Relative  proportions  of  minerals  in  the 
<  0.002  mm  size  fraction. 


Sot: 

Quartz 

I  llite 

Chlorite 

Kaolinite 

Vermiculite 

4 

+++ 

++ 

+  + 

++ 

5 

+ 

+ 

- 

- 

- 

6 

+ 

+ 

■¥ 

- 

7 

++ 

++ 

+ 

++ 

- 

8 

+++ 

♦++ 

++ 

+ 

- 

9 

+++ 

+++ 

+ 

+ 

- 

10 

+++ 

+++ 

+  + 

++ 

- 

♦  =  small  amount  present;  ++  =  moderate  amount  present; 
+++  =  large  amount  present. 


U  S.  Std  Sieve  Sire  ond  No 
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Soils  of  Johansen 


Table  AS.  Soil  materials  of  Johansen  (pers.  comm.). 


Material 

Quartz 

content 

(%) 

Specific 
weight 
(kg/m* ) 

4o 

(mm) 

dio 

(mm) 

Uniformity 

coefficient 

<W«.o 

Sand 

SA1 

SO 

2700 

0.69 

0.12 

5.7 

SA2 

48 

2600 

0.27 

0.067 

4.0 

SA3 

58 

2670 

0.1S 

0.082 

1.8 

SA4 

80 

2670 

0.16 

0.125 

1.3 

SA5 

45 

2720 

0.26 

0.11 

2.4 

SA7 

39 

2700 

1.5 

0.10 

15.0 

SA8 

61 

2730 

0.20 

0.075 

2.7 

SA10 

iO 

2850 

0.52 

0.125 

4.2 

SA1 3 

100 

2650 

0.70 

0.60 

1.2 

Gravel 

GRl 

49 

2740 

2.0 

0.21 

9.5 

GR3 

47 

2700 

2.0 

0.20 

10.0 

GR6 

57 

2700 

6.1 

0.27 

22.6 

GR7 

2 

3000 

1.4 

0.06 

23.3 

GRl  2 

41 

2700 

1.8 

0.15 

12.0 

Crushed  rock 

PU1  2 

3000 

31.0 

24.0 

1.3 

PUS 

33 

2680 

6.1 

0.25 

24.4 

PUT 

9 

2750 

35.0 

26.0 

1.3 

PU9 

3 

2730 

8.5 

1.0 

8.5 

PU10 

9 

3100 

17.0 

10.5 

1.6 

Clay 

LEI 

22 

2800 

0.040 

0.0035 
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APPENDIX  B:  COMPARISON  OF  THERMAL  CONDUCTIVITY 
V  ALUES  COMPUTED  BY  THE  VARIOUS  METHODS  AND  OF 
THEIR  DEVIATIONS  FROM  THE  VALUES  MEASURED 


Table  Bl. 


KfcKSTE'j  SAN9  jNSAT-jmTE  0 


TYPfc  .)c  Sf’ill  S  A  0  NATURAl,  U'lSAT  IR4TE0 


RmO  • 

K-t  a 

d/40  TE"R 

0.569  K)Ck 

■  4 

»  t  2  , 

S'lT  i  n 
}00  ■ 

0.9*3  Cl,  4 
8.923  <9  * 

0.000  CS0LI0*  ■  t 
2.000  C  SO l I n  k  2  ■ 

•  KA  »  0  1 

,054 

5  4  MP  L£ 

SAMPLE 

*0  I  StyR  >  pNY 

CONTENT  DENSITY 

o . i , 4  7  r 

K  mEaSJReo 

J.202 

»|Tr)o  k 

<ER3UN 

mm 

404  IE  VRIES 
RESISTOR 
KJ'II  I-S11YR 

kebsteh 

JOHANSEN 

t UMPOTe r 

J.29N 

DEVIATION 

lWU]\ 

uh> 

••--A- 

METHOD  < 

MICRWEv 

"MM 

G 1 M ANT 
VAN  ROQTEN 
QEOM,  mkAn 

MICKLEV 
Mg  6AU 

COMPUTED 

0,688 

AAlt 

•••»-» 

0,180 

deviation 

(PERCjfNT^ 

wUI'a 

-10,9 

PUR 

SAT 
n,46l 
0,019  T 

4  C 

owe 

0.00* 

0,009 

SAMPLE 

0  t  '0 

1  ^  600 

d.255 

9  41« 

9  I  24" 

64  3 
•6 ;  i 

Q  T64 

1  527S 

199  4 

399;  4 

0  416 

0  |  027  t 

Sign 

w,k  slim 

GEOM,  M  t  A  N 

KJNt!*S'AITH 

a«  —  a* 

SAMPLE 

0,»|) 

1,610 

d.254 

kersten 

■;  rmt 

A  0 J  he  VRIES 
RESISTOR 

0 , 40  i. 

3:«I 

V  3 , 1 

1 1 3 ;  & 

MIC2W6V 

"iitM 

U  CHANT 

0.777 

-1a£§2 

206  0 
mitlA 

0,410 

0  1  032  t 

0.013 

0,013 

SAMPLE 

0  .Oo 

1.693 

J,28d 

kerstea 
J9H4NSE  A 
9j  VRIES 

KUNlf-SMITH 

•9,56 0 

69,4 
-6 , 2 
104,2 

mickiev 

Me  G  Ay 
SMITH 

van  mm 

GEOM,  Mk  AN 

■5:1.5 

186.4 

364.4 

8:311 1 

8:8U 

------ 

•---A- 

SAMPLE 

5.00 

1  .  47* 

0,491) 

KERS1 E4 

WM!!! 

a o j  u  vries 

0  V6V 

a:m 

os  .V 

H:8 

MICRVEV 

"SmM 

(i|MANT 
VAN  ROOT E N 

m 

0.477 

0,308 

‘f,5 
.111*’ 
■1.5 
•  if,? 

0,46  2 
0,121  T 

0,056 

0,056 

<  JN  I  I-'SMI  T* 
K6RSTE4 

40HANSEK 

sample 

'0 

1.611 

0,681 

0.  7JA 

78,1 

2,5 

MICR4EY 
Mg  GAy 

»:?« 

h\b 

8:‘ic . 

8:821 

,0J  41sY!45i 

- - A - 

v»  «isni 

6fOM,  MkAR 

8:115 

-si:? 

. 

sample 

A  ,  Su 

1  .601 

0,782 

kersten 

i  .  4»a 

8:  if* 

/III 

M I  CAGEY 

0.876 

1  I  2?2 

.M 

l:«i » 

8:833 

RESISTOR 
KJijJ  JaSMITH 

kERSTEa 

jdilANSEN 

van  R00YEN 
GE0h.  WfcAN 

mICkiEt 
MC  GAU 

VAN  R00YEN 

6,353 

0,934 

1  .245 

sample 

9.20 

1  ,66V 

u,38d 

1.707 

1,008 

•1*«£ 

92,2 

13.5 

».? 

60,2 

0,391 

0,393  t 

0,060 

0.154 

4DJ 

RESIST  )R 

8:1*2 

-s B 

K'JNII  mS’IITA 

sample 

1  A  #  60 

1  .  3H2 

i  mm 

IE  VRIES 

hilt 

1  .0*0 

u5« 

12,8 

SMITH 

V:1« 

8|H1  r 

e-.m 

RESISTOR 
K'JN! ImSmITM 

KfcRSTeA 

J91ANSEN 

VAN  R00TEN 
GEOM,  MEAN 

MjenvEv 
MC  GAU 

... « 
GEOM,  MEAN 

_043*9 

1 . 041 

1  ,  397 

-61  j  4 

sample 

1  3 , 6() 

1  .  6V6 

1 ,04d 

1  .921 

1 ,16? 
AMI 

88,1 

10,8 

.AM 

•  U,  7 
24,7 

0,381 
0,606  T 

0,059 

0,211 

aoj  ,  y 

1  .  185 
0.368 

-15'? 

KdVf  I-S’II  7M 

* 

** 

SAMPLE 

1  3 . 5  u 

1.013 

1,234 

mm 

9g  VRIES 
AD4  9E  VRIES 
RESISTUR 

K  JN ! f - l TH 

keastea 

J1HANS8N 

ills 

V 

SMITH 

1:«l 

1  ,  342 

11,5 

B:HS  , 

8:  Bit 

mm - - 

VAN  R0QYEN 
GEOM.  MEAN 

MICR4CY 
MC  GAW 

0,374 

^-68^9 

SAMPLE 

16.  SU 

1  ,09> 

1  ,171 

2  06* 

1  ,221 
AiHt 

(6.3 

4,3 

1,105 

1,331 

->  7 
13,7 

0,381 
0,733  T 

0,059 

0,210 

aoj  \\m 

KUNf  faSMITM 

-.I;) 

• . 

v,h 

GEOM.  MfcAN 

NOTES : 

Moisture  content  in 
Drv  density  in  st/cm^. 

All  other  units  W/m  K  except  where  noted. 

DEVIATION  refers  to  difference  between  value  COMPUTED 
bv  respective  METHOD  and  the  MEASURED  value. 
TEMP  -  test  temperature  (LV> 

ALPHA  3  parameter  in  Smith  method 

O  -  Quartz  content  In  soil  solids  (fractional) 

CL  3  Clav  content  in  soil  solids  (fractional) 

RHO  *  Sped  tic  gravity  ol  soil  solids 


rsoi.ins 

csoi.ids: 


Thermal  conduct ivitv  of  solids  (calc 
Value  from  ('.emant's  equation 


ilated  or  assumed) 


KA.  KW.  Kill:,  KQ,  KO  - 


POR 

SAT 


conductivities  of  air,  water,  ice,  quartz 
and  other  minerals  respectively  (values  lrmit 
act  ord  ing  to  test  TEMPERATURE) 

Port's i  t  v 

Decree  of  saturation 
Parameter  in  M<  Caw’s  method 
Unfrozen  water  content  (fraction 
hv  volume  of  total  soil  volume) 
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Table  B2 


CyRTMAAT  FlNF  SaKU  yNbATUKAtfU  U^FBuZc*. 


T>Pt  OF  Sulci  $  *nD  NaTuPal  UNSaT  wQATfeD  UNFROZEN 


BhO  * 

Km  i 

2.762  TEMP 
0,509  k  ICE 

■  <4 

a  t  2, 

.302  U  s 
220  KU  * 

0,120  Cc  * 
8.020  *U  s 

0.01,0  1 
?,020  1 

:&Owius  »  t 
:boi.iuS2  = 

2,363  AlP^A 
5.040 

-  K  A  *  0, 

,034 

SA«Ptt 

Samplc 

moisture 

CONTtwT  0 

2,50 

OHV 

k??iiS 

*  M£A5JREU 

2.206 

METMUD  k 

K£BSTLN 

JO*AN$EN 

COMPulEU 

2.257 

2.226 

Otv 1  A  T IuN 
(PEnCtM^ 

9^7 

14  .1 

MtTNrj  * 

MTCAirE  r 
“L  ma«* 

lOmPo Yfcp 

0,772 

1.32! 

OfvTAT^N 

(PERLFNT) 

272.2 

63613 

PUW, 

SAT. 

0.435 

0.018 

NC 

k/M<- 

2 . 206 
2,206 

ADJ  DE  vRtES 
MfsrsrSp 
KuMH-SmITm 

2 . 406 

_  ,  « 

1  b 

It  .  t  tC<r 

3,0 

SKMPLt 

2,50 

1  .645 

2.234 

uOhanSEN 
w E  VRIES 
aOJ  UE  vrfltS 
£<ESIS7uP 
KUMI t-SM! Tm 

ke»ST£N 
JOmanSE* 
PE  vkTES 
AOJ  UE  vRJkS 

2.292 

2.254 

2.540 

24.3 

8.7 

134.6 

MTCFLFT 

M  L  w  A  m 

5-1 1" 
GE-ACl 

0.026 

1 .390 

254.7 

465.4 

0.424 

0.020 

* 

2.20C 

2.206 

0  7  ■’fl 

B  n 

K  «  0 

S***PLt 

2.50 

1  ,7o7 

2.29? 

2.  J46 
2.299 
2.000 

16.5 

2,6 

m.b 

m I L *  cE  Y 
**t  U  Am 

S**I  Tm 

0.9  14 
1.469 

207.7 
4>1 . 3 

0 , 300 
0.025 

t 

2.20V 

2.209 

0  0  fi  T 

t  t "  j 

v'  *  *  0 

SA-PLE 

2.2* 

1.651 

2.392 

KEPOtcS 

JOhANSL* 

2.V46 

2,015 

141,1 

31.4 

09.1 

mJC-lEt 
MC  «  A  » 

0 , 8o3 
1.320 

117.4 

231.6 

0.42? 

0.06? 

♦ 

2.233 

2.233 

*0J  aisis+si 

S:3iS 

Zl\ ** 

SAMPLE 

1.90 

1.702 

2.430 

K£PS7tM 

jOhanSE* 
UE  v*Us 
ADJ  UE  VHJES 
HESlSTgR 
KJM 1 I  -SMI  T M 

1.202 

S:«? 

146.5 

38,1 

70.4 

MJCFLE7 

0.93? 

1.390 

Jihs 

0.30? 

0.093 

* 

2.233 

2.233 

40,2 

SAMPLt 

2.10 

1.759 

2.497 

K£PS  T£N 
JOhAsSE* 

1:111 

12?. 2 
8M 

?:!« 

07.0 

176.6 

0.303 

0.122 

* 

2.237 

2.237 

0  ASK 

RESJ57DR 

KUNi!*SMTTM 

KtPSTEM 

JOhANSE* 

i?  *  & 

W  .  34  V 

1 J  ,  0 

SAMPLE 

3.10 

1.563 

2.790 

1.222 

2,730 

»:? 

•4,4 

MICKLE  1 
m C  CAM 

P.M29 

1.164 

4.2 

40.3 

0.434 

0,104 

t 

2,261 

2,262 

—  i  3 , 4 

SAMPLE 

b  ,20 

1  .645 

2.667 

Kt0S7tN 

JOmanSE* 

1,303 

2.622 

59.6 

:?:? 

0,89? 

1.235 

3.0 

42.6 

0.424 

0.21? 

t 

2,262 

2,066 

*  , 

£ » £2  j 

So  *  T 

9 , 334 

SAMPl£ 

b,*0 

1.759 

2.999 

K£»STtN 

JOmANSE* 

1,620 

2,943 

03,0 

-5.6 

mJCKlEt 

mCUAa 

0,965 

1.336 

11:1 

0,363 

0.25? 

t 

2,257 

2.291 

2,902 

Q 

0  O'- 

MEbiSTOR 
*U*i T-SMITH 

KfBbTEC 
JOmANSEN 
OE  VRIES 

*0JJ!s?i?is 

n  'ih? 

B  ,  300 

53,* 

sample 

12  .90 

1.645 

1.207 

1.720 

1,204 

56.9 

•7*2 

mickle y 
mC  UAn 

0,900 

1 .264 

-9.9 

10.1 

0.424 

0.444 

♦ 

2.262 

2.179 

-  *  J. 

i  •  i 

® 

B  .  303 

50,0 

SAMPLE 

11.20 

1.707 

1.24V 

K£BSTtN 
JOhANSEN 
PE  VRIES 
AOJ  UE  VRIES 

2,274 

1.212 

65.1 

-2.9 

mtckley 

mC  Cam 

1,120 

1  .  390 

-11.3 

11.9 

0. 360 
0.550 

t 

2,257 

2,100 

1 , 222 

G 

- .  „ 

-Tb  3 

'  —  *  - 

sample 

11.40 

1.000 

1.366 

j&KftS 

74,2 

-2.4 

MICklE Y 
■*L  bAw 

l:«l 

-’Sir 

0.326 

0.050 

♦ 

2.255 

2.212 

AOJ  UE  VRiES 
RCSISTQB 

K UM 1 1 • 5M I T  M 

1,359 

Q 

.  ,  .  « 

Sample 

13,90 

1  .765 

1.3B2 

kebsten 

JOmAnSEM 

2,189 

1.264 

1,302 

56,6 

-7,2 

MICKLFY 

mCUAm 

1 .169 
1.421 

-15,3 

3.0 

0.300 

0,681 

T 

2.257 

2,245 

HESISTQB 

kumII-SMITm 

mj  j  •  j 

GEOM  "P£an 
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Table  B3 


JoHANSE*  GRAVtL  GR7  "UlST  UNFkOZEN 


TYPfc  UF  SUltl  COARSE  NATURAL  UNSATURATED 

UNFROZEN 

RhO  • 

J.000 

TEMP  s  4.100  U  * 

0.040  CL  8 

0 , 000 

CbOL IDS  B  T 

K  m  x 

0,504  KICt  «  T  ?,?00  Ku  * 

8,100  KO  x 

2,000 

CS0LIDS4  • 

5AMpt t 

MOISTUhF 

f)KV  K  htASUhEu 

hfTHUO  K 

CQHHurEO 

Ot  vi 4  f ID* 

SAMRLt 

e0NTKi. 

KkPDTtN 

d.bQi 

(PFHCtNU 
•  lx? 

JOHANSEN 

4,424 

-14.3 

DE  VKIES 
ADJ  UE  VWItS 
HfcSTSTuW 

0,464 

•5,4 

WnO  b 

Km  s 

3.400 

0,4efl  * 

TfchP  B  3.700  4  S 

JCt  *  T  2, $00  Ku  * 

0,040  CL  * 

8,040  KU  « 

0,000 

2,000 

COOL  IDS  a  t 
CS0LIDS4  • 

SAMpLt 

hOISIUNt 
L  0  N  Tt  N  T 

OHV  K  HkAbtJNfcU 

DENSIT Y 

METHOD  K 

coHPureu 

DEVIATION 

(PFHCtNTJ 

S AHWL  t 

2.30 

1,537  0,303 

KFBSTtN 

0,091 

76,5 

JOh A  N  St  N 

0,421 

-16,7 

DE  vwits 

0 ,47b 

HFblbTOW 

KUNi!«SMlTH 

WhQ  « 

k  m  • 

3.000 
0,60b  * 

TEMP  a  25.300  «  * 

ICt  B  t  2,?00  Ky  B 

0,040  CL  * 
7,430  KJ  a 

2,000 

2,000 

CSOLIDS  ■  t 
CS0LTL/S2  8 

SA*Pi L 

MOiSfUhf 

DRY  K  hfcibi ;*EU 

hffHUD  K 

CfHPu JFu 

DE  vd A  1 1  UN 
(PFHCEnT ) 

COnTLM 

ntN3l  f  v 

SAMpLt 

0.50 

1,53'  0,o4v 

K^WSTtN 

0.091 

37,4 

UOhANSLN 

0,428 

dE  VHItS 
ADJ  UE  VRIES 

0  ,oi  b 

WhQ  s 

TEmP  a  3.400  y  a 

0,040  CL  8 

0,000 

CSCLIDS  8  t 

Km  x 

B.4o8  K 

1 Ct  *  t  2,?00  Ku  * 

8,040  ko  = 

2,000 

CS0LIDS4  8 

SAMPLt 

hOlSlUKF 

OH  V  K  HLASUKEO 

hEfHoD  K 

COMPUTED 

DEVIATION 

OtNSI T  Y 

{PEHCtNT  ) 

s»»nt 

1.803  0,Ob3 

KtPbTLN 

1.307 

100,1 

0.O2J 

-4,0 

UE  VKltS 
AD J  OF  V«ItS 
HEslbToR 
konU-ShiTh 

0,038 

•  2,3 

Wrtn  s 

3.000 

tFmP  «  2b. 000  C  ■ 

0,020  Cl  * 

2,000 

C  SOL  1 05  8  t 

km  b 

0,60b  KJCt  *  T  2,200  Ku  s 

7,430  KO  8 

2,000 

CS0LIDS4  8 

SAhWlt 

hOlSUiK? 

Owy  K  meaSiJmFu 

MFTHon  K 

COMPUTED 

Dt Vi  A  T  ION 

CONTENT 

JtNbl \ r 

(PEHf  EM) 

SAMP^t 

2,30 

1,803  0 , / 7  6 

KfcRSTfcN 

JOmANSEn 

1,307 

0.033 

Od,d 

-  1  H  ,  0 

uf  VHItS 

0  ,  /  8  0 

1 

NFbrsruW 
KoNU-S"!  Th 

0,040  CL  8 

»M0  a 

3.00W 
0,50*  k 

TfchP  a  ->*700  ,  * 

1CL  a  T  ?,?«/  Ku  s 

0,0*.0 

CSOLluS  =  t 

Km  i 

8,040  K  0  * 

2,000 

CS0LTDS4  8 

SANput 

hOi S ! u«E 

Oh  Y  K  -kAOOHEw 

hF | HOD  K 

CQMPutfo 

Dtvi AT  Ion 

bO>sTk**l 

WtMb!  T  Y 

CPFh(  fcs|) 

SAMPLt 

b,40 

l,4od  0,04b 

KtWbTtN 

1,11/ 

7  3,3 

JOhAnSLN 

0,091 

•> 

OE  VHItS 

0,570 

-10,7 

WhQ  s 

3,000 

TFMP  B  2D, 700  U  a 

ICt  a  t  2,20*  Ku  * 

0,040  CL  8 

0,000 

CSOLIUS  8  t 
CSOL i wS4  a 

Km  b 

0,606  K 

7,400  Ko  8 

2,000 

SAMPLt 

MPlSIl’lt 

0«Y  K  MtAbUHEU 

WF  T  h 00  K 

COMPETED 

Dt  V l A  I  I 

CPNTtNT 

OtNST  f  Y 

fPthCL'  n 

SAhWt  t 

3,40 

1  ,  4  a  M  0,840 

Kt  RbTtN 

1,11/ 

3H.0 

jOhA  ivSt  N 

0,00/ 

•24,8 

OF  VHItS 

o,/0V 

-  1  2  ,  Y* 

KUN1 I»SM] Th 

WhO  a 

3.400 

TthP  B  4,400  u  S 

0.040  CL  * 

0,000 

CSOlIdS  8  T 

KM  r 

0 , 5  0  4  K|Ct  8  T  2  ,  ?00  Ku  s 

8,100  ko  a 

2,000 

esnuosd  z 

SAhWl  t 

ii<U  S  I  ii*f 

OmY  k  h  t.  a  Si  ikE  o 

if i MoO  K 

Computed 

DE  v 1  a  T I yN 

tn-rtM 

OtNSI  1  Y 

1  ,  /  09  0  ,900 

fPMlt**!  ) 

SAMPLE 

b,40 

KtWSUN 

1 ,07< 

8  *  ,  0 

JOh A  N$t  N 

0,80b 

-10.4 

ot  vwltS 

o,/7/ 

-13,/ 

mho  ■ 

3.400 
0,609  K 

f  f  HP  X  P/,CJ00  U  » 

Jet  S  T  2 ,  “.ip  Ku  a 

0,040  CL  « 

0,000 

csDlIdS  8  r 

KM  X 

7 ,  130  KU  t 

2,000 

CsnLi^s4  * 

2.057  ALPha 

• 

ka  a  2, 

(044 

S,#<8 

HtThDD  K 

COHPoTFO 

DEVIATION 

PUR, 

MICKLET 
HC  £  Am 

0,610 

(PERCENT^ 

SAT. 

0,486 

0,976 

99*2 

0,0/9 

CEMANI 

0,205 

•4b, 9 

VAN  ROOYFN 

0,278 

•43.4 

2.056  ALPHA 

4,640 

• 

KA  8  0 1 

,048 

MfcTHOD  K 

COMPuTtO 

OE  V I  AT i ON 

PuW , 

►  s 

JO 

X 

ou 

~T 

T 

0.615 

(PtWCENT^ 

SAT. 

0,488 

«,9?9 

oi,  V 

0,0/9 

GtMANT 

0.319 

-30,9 

VAN  WODYEN 
GtOM  MtAN 

0.276 

•  4b, 0 

4,640 

MtTHOD  6 

COhPuTtD 

DEVIATION 

WuP  , 

(PERCENT) 

SAT 

0,46s 

MICKLtY 

0,68? 

5.0 

ML  G  A  m 

1  ,016 

50,5 

0,0/9 

GtMAM 

0,531 

-18,2 

VAN  RuOYE* 

0,2/8 

-5/, 2 

‘S.84. 

METHOD  K 

LOMPyTEO 

DEVIATION 

P«JW, 

(PtRCENT) 

SAT, 

0,399 

MICKLET 

0,760 

10,4 

-C  GAm 

1,140 

74,0 

0,113 

GtMANT 

0.51b 

:!);! 

VAN  WQOYEN 

0,340 

2.053  ALPHA 
4.840 

s 

K  A  8  0  , 

,104 

METnOD  * 

COHPuTtO 

OF  V  I  A  T  i  f  ,n, 

PyW  , 

(PtRCENTj 

SAT, 

0,399 

mICklF  t 

0.B2Q 

O.b 

MC  GAm 

1,1/3 

50,8 

0,113 

Gt  KAN  1 

0,770 

-1,0 

VAN  Puorf* 

r.tflM.  MtA* 

2,05o  ALPHA 
4,840 

0,  J40 

•56.2 

e 

KA  S  i* , 

,03  3 

MtThno  k 

CDMPuTto 

Of  vIATlr.N 

P  JK  , 

hICKLF  T 

(PtHCFNT) 

SAT  , 

0,624 

-3.2 

0,b04 

Mt  G  A  r> 

0,919 

42, b 

0,139 

GE MAN l 

0.*t>7 

-12.1 

VAN  RODYFN 

0,330 

-48,0 

2.053  ALPHA 

z 

K  A  =  /  , 

,12ft 

5,840 

MtTHOD  K 

cohPuTtn 

Dfc  V  1  AT  If  N 

PuW, 

(PtWtF.wT  / 

SAT  , 

MlLKLF  Y 

0  ,  /  1 0 

-1 1  ,v 

0  ,  b  0  4 

ML  GAm 

0 , 9  0  6 

1  9  ,  V 

0.139 

r,  t  M  A  N  ( 

0.6/2 

-16,0 

VAN  WOOTEN 
GtOM,  MEAN 

0,  1J0 

-59,0 

4,840 

“t T  hPo  k 

LDmPuTLO 

OE  V  1  A  T  1  (’•< 

i'UW  , 

(Pt»CF.vY  ) 

SA  I  , 

MtCKLF  t 

0,784 

*i  2 ,  y 

,* ,  a  i  v 

m^(GAm 

1,107 

2  3,0 

0,233 

GfcMAN 1 

0.831 

-7,7 

VAN  Run YEN 

0 , 3b5 

-b  v ,  b 

GtOM  t  ml  An 

4,840 

NC 


u"l 

0,4311 


NC 

U"C 

4,436 
<0 , 0  J  0 


NC 

U»L 

0,03e 

0,03b 


>.C 

u*C 

0,04b 

0,04b 


*r 

<J*  c 

0,44b 

0,04b 


•  C 

U*L 
0,063 
0, 0«0 


M 

U*L 

.!,kh« 

0.0*0 


Nf 
u«L 
0,0*1 
4 , 09* 


NOTE: 

In  plotting  the  figures  the  values  corresponding  to  the  temperature  nearest  4°C  were  used. 
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Table  B3  (eont'd) 


t 

$A-P|  t 


'’SUM 


but 

dlnsI I  * 

1  ,7 09 


Mr  As  jKt  u 
1  .00/ 


r*<c.p 


*fc  HbTtN 
J‘W  \Sr  ** 
Gf  vuItS 

a'jj  vnns 

*k  si 

KVjfli  t-SM  1  “ 


■*P-jIF  V 

I't  Vl  A  |  IL.- 

**k  T-Hj  N 

LPF.nl  L  •  1  1 

1,0/4 

0M  ,  9 

-  1  L  K  L  F  T 

0,0?/ 

-4?,  ? 

~*C  l,ir. 

4,  V?l 

-1  '.O 

bM  1 1 " 
C.L“AM  1 

•<t  »  UT  ]. 
i  r  l  w  i,  i  ,i 


l-y/3 
4,  Jos 


ItMp  S 

*iCL  s  t 


j.li/rl  U  3 
2,/dP  KU  3 


4, 04*  fL  3 
8,0  41*  »Mj  = 


*' «•  ^  f  Si'u  1  V/  ^  S  r 

■*.i*  CStLloS*!  = 


AL^^A 

0,*4P 


SA“Mi.t  HP  l  S  *  uMk 
lP-*  rtv  r 

O,  Jl* 


$A*MLt 


OHt 

or  '«sr  I  v 

1  ,4o*J 


^LAbljKkJ 

d,v?u 


K-t  1  rig" 


KLPSTk\ 
J  i'm  AnSL  n 
■j*  V*Itb 
AiiO  G  F  vkIlS 
*tbibtow 
Xu'UUS/I  (* 


1,47/ 
d  ,  /*4 
f.Oflu 


O*  <  l  3  I  tO'» 
(|-f  *•'  t  I  ) 


t_  T  r*  n  i>  a 
“K*Lk  3 


“l 


2/.«<P0 

?,?J0 


Cl.  3 
/,  J/0  /u  3 


La'lLlvyS  3  ^ 
CsPlIi^  = 


-IT" 

C-L-A*.  I 
kUf'TF  A 
“,  M  Ll'« 


-rf  *  I  AT  If  * 
(Pfc*L‘  '*1  ) 
-7*  .•> 
1  .0 


-?  J ,  o 
-  r,  4  .  j 


sa**hl  l 
5a»Vi  l 


I  1  b  I  J  K  F 

f  ,U*.» 

O  ,  J* 


onv 

t^sT  \i 
1  ,  4(j »» 


;.  AS'tKF  u 
1 ,  08J 


'\  |  hui- 


“LTmPl,  a 


*t  HsTk  s 
JOmAnSln 
of  vk  T  tS 
ADJ  *»  vKltS 
HL  b  1  ST  uP 
AljNl  I-SOJ  I  h 


1,47/ 

<>,/?;j 

u./D/ 


/•  .4 
-41  .* 
-47  .* 


ML*lF  3 

“L  bl» 

C*L  M  A '«  i 
VAN  HgtltF  .» 
(ft  " *•  ,  “LA* 


►',747 
«,  9*  * 


i/F  *  1  M  l  ' 
(Pt  4LF  « I  ) 

.  o 


-*/ .  4 


Ik  *>P  * 
*!Ct  3  7 


0,040  CL  3 
?,9oO  kO  s 


t»  .  tx  fc*VA  CbflLlu 
?,tVP  CSCLlu 


s  T 
-•■4  = 


<#0t>O  A  l  K-A 

0,040 


S  ••.....»  Ai. 


SAMHLt 
SA»»Pl  t 


-(  lb  l.;nk 

LONtf.  I 

0.J4 


DLNblT  » 

1  ,*/0 


ML  A  Jimtu 
l,10v 


Hk  )  HyO  A  Cu^'jlPi/ 


KkWbTLf- 
JUMA^Sk^ 
Uf  VKILS 
ADJ  dt  V«TLS 
Kf  b  I  b  T 
AU^J l-S^T I" 


C./PO 
1 ,  P?b 
U4‘k’l 


f'L^lAl  ]  ^ 

(Ht -(I.'!) 


•‘LThDi.i  a  LOv'k'4<tr' 


M  I  L  “  L  F.  » 
MJ_  Ofc- 
S*-l  T m 
I 

VAN  KuHTf  is 
l.LO",  “LA". 


V  4  1  h 

\  ,21b 


^fvlATi  , 
(F-LWCI  Mj 
-  1  u  .  7 
\*’»b 


1  ,109 

/  ,  J  7  7 


«.  \ 

-bb,  7 


P,6w0  x 


IHP  : 
KL  s  T 


*?,*»*;*  c sul i 
C SOl T 


5  t 
jS«?  5 


SA-PLt 
SA-Pl  t 


«»ri8 1  "Kk 
L”  ^tNI 


!5rtt 

nt*Jb1 1 7 
t  ,H/n 


‘'kfcb.jKLu 

1.41V 


•'k  1  hyT 


At.PSlt*' 
v  Dm  ANSt 
c-F.  v^TLb 

*nj  of  v«itS 

*»f  S  I  b  T  U* 
nu‘Ul-1‘1  I" 


J  .  K  I- •  < 

r»,  4t>8 


Tk«P 
AJCL  3 


2.2.JZ  A 


fL  3 
H,V*4tf  *b  3 


rov.n  f  l 

nt V 1 M  1 w  • 
(F'Lni  L  n 

MLD'Oy  N  U  ’ 

ihPgTLD 

Cf  W  T  A  T  X  f'-a 
IPtHLF-T ) 

4 , 4?o 

*  1  L  K  L  F  1 

1  ,  k'  0  9 

-1/.4 

1  ,  «•  4  7 

-  L<>  .  1 

M  L  '»  A 

1  ,20? 

4./ 

1.40V 

- 1  .7 

J“  1  Tm 

l»t  -A*  1 

J  ,?0? 

4./ 

VAN  HuntF'. 

0,3// 

-09,0 

(itOM.  “LA't 

A  ,CN<i» 

CsDCluN  3  T 
tbOL!Lb4  3 

4,000  At  H  ‘*  A  S 
b,840 

•  *  A  ft 

5AM^(t  MOlSfUKl 
lOnTLN I 

SAM^Lt  l4,bvF 


DtNsl  1  » 
1,7b? 


•'tASjnku 
1 ,  JDb 


'•’L  tMwD  K  Lu“FV  IF  L 


i«t  kSlLN 
JOmANSLN 
L>t  VKtLS 
ADJ  L»t  V«ILS 
*t  SIST u» 
KUMt-SMl  l» 


4 , 

l.v?S 

«3,994 


DL V  1  A  1  1 u* 

f  pf  «l  L’  I  ) 
S  J  .  1 
•44  ,  H 
*47.3 


LlnOu  a  LC^Pv<lLn  DFvlATjrN 

(PL*tf'«U 

-  ^4  t« 

•14, V 


Ml LKLF  7 
“L  LAa 
b“11« 
<;t “AM  l 
V  A>b  «un  T  F  N 
fitu*',  “LAN 


1  .  to? 


/.  J7^ 


-lo,l 
-74,  V 


J.tfUw  1  £  OP 
4,6*8  K  l C L 


?0.0P^  n  s 
Ky  s 


D,F"4l*  CL  = 
7,.T/H  Ku  3 


V*,0*j*»  CsGlIp4'  *  T 
P.PvP  CSDLIp?4  3 


4,wbJ  ALPHA 
f  ,M4<7i 


SAmpll  *»0 1 S  1  UN k 
CHnUM 

SAmkl  t  1 4 ,bP 


D  H  V 

nLNSlT  r 

1,702 


*'t  AbuKtu 

l  ,404 


HF  fHuD  A  ClmHU I tu 


K^PSTtF. 
JOnAwStN 
D t  VH l L  S 
ADJ  uk  VKILS 
*Fsiato« 
I-SMI  I H 


4, 

l.rSJ 
1  ,i)oa 


!Uvl  A  llu  ' 
(pFwr  tM  ) 
4  J,  v 

-47, b 
-2b, 4 


“L  TmPl 


h  I C  a  L  k  » 
“C  UA«* 

S**lTn 
OL-AM 
VAN  PUDTEb 

nlm 


7.9ol 

1.241 


I3F  V  I  AT  1  ?r, 

(F’LWLr  m  j 
-12,  i 
-17.  J 


-  F  e>,  4 


J.4&W  TtwP  ■ 
"ICL  * 


0.444  W  3 
2,444  l»w  * 


4,444  Cl  = 
«,014  K C  * 


4,4,14  CSOlIlIS  *  t 
?,4wM  CSPL1US4  = 


4 . 4bo  ALHha 

b  ,84k* 


.......  X  A  S 


samhll  nnisruKk 

CONTtN 1 

SAMPLL  I4,b4 


OKV 

DtSbl Tv 
1,894 


"tASi/*fcU 
1  ,  JJ9 


KFTHUP  3  CUMHt»Hl)  Dt  V  1  A  J  J  yN 
(HFKf  t'-  M 
4.06J  91,4 

l.l!»7  -1J.0 

1,148  -14,2 


“LThDu 


KtPbTLN 

UF  VKILS 
OF  VhILS 


ADJ  - 

Kk  SlsTuH 

KUNJ I-3HI tH 


b  T  L*  L  £  7 

•L  at* 

c.rM7 

VAN  WjOtF  •* 
GtO«,  A  N 


Dk  V  I  AT  ir»N 
l ?  L  K  L  f  NT) 
•Oi.tt 
-0,2 


.JOb 

4,3/9 


-  ?  I  *  7 


4,«>vl«»  7fc*P 
4,648  3 1CL 


20,004  <J 
?,4»P 


0,444  Cl  * 
7,3/4  KG  ■ 


0, 000 

2,004 


CSHlIlS 

CbDLluSi 


4.05J  41  h*4 
0,844 


SAMp.t  MOlJtUKt 

.  CONTt*r 

SAMPLt  14,04 


OHV 

DfcNSl 1 > 

1,894 


H£AbuK£u 
1 ,440 


**f  J  Hyp  K  C(JMPU  1  F  l 


3LBSTtb 
jOmANSLn 
l»F  vhJLS 
ADJ  Ut  VKILS 


4,0ftj 

1,184 

1,20b 


DL  V  1  A  1  l  J7' 
(F  »  HftM  ) 
82,0 
-lb,  4 

-14,4 


NtThPy  N  LbwPgltb 


ms*i  r-s* j  t* 


**1la\.£  1 

**C  1*  A  * 
SMITH 
f.LMAN  1 
VAN  KODVtN 
(itOM,  “LAN 


1  ,  1*7 
1  ,  30? 


Dt  V  \  AT  lt'N 
(PtPLk  nT) 


1,40? 

0,379 


-4.0 
•7J.  I 


.3.000  TEMP 

0,000  "ICE  * 


4.J00  U  * 

? , 440  KU  « 


0,040  LL 
8,0J0  KG 


4,000  CSOLlUS  « 
?,000  CO^LIUS? 


0bb  ALPHA  « 


4.0bb 

6,840 


Table  B3  konl'd). 


SAHPLt 

MOISK’HF  out  a  MEAiijwfD 

mFTHuO  a 

tc-Hn|F j 

'■t  v  1*  1  lu  • 

*•(  i"i  y  R 

^  nttPU  T  L  '1 

1  »  V  I  A  T  t  r  t 

I’.M, 

COnTE  t.  ?  OfeNSIfY 

fPtr <!L  •  M 

(Pl*CF\M 

SAT, 

SAHpLt 

15,02  1.6V4  1.480 

KtR6TtN 

2,/lV 

0^  ,/ 

-<  T  C*>  c  t  1 

1  ,  109 

-  ?  4 , 4 

■'.369 

JOwANSt  K 

l 

•U.K 

-C  It*'1 

1  ,  3^0 

-11.5 

0.8 i ?  ’ 

uF  v«ltS 

l  ,C31> 

S-i  Tm 

A'OJ  Ol  VrtltS 

Gt  * A  N  ( 

1  .  429 

•  dt/ 

*L SI51U4 

WAN  WyC  T  f  • 

\/w 

- /a ,  2 

MjNl I-SM I T w 

‘•LA* 

RhO  a 

3,020  IfcHP  ■  P/,000  w  — 

2.020  CL  • 

M*,0K0  . 

Lorfc/^b  s  ♦ 

2,053  4LHhA 

-  <  A  —  ^  , 

,  1  3? 

K  H  1 

0,608  «ICt  a  t  2.J00  5 

7,370  *0  * 

?,2»/0  l 

CSOl.TuS*’  * 

4.84^ 

JAMPLt 

MOlSlUaE  OH*  a  HtAiyHfv 

HJ  JH^O  A 

Ct /“HhJFd 

At  V  I  A  1  J  y*p 

“tT'i'H/  * 

tF'o  r’ 

wE  .  J  4  r  IT  t 

•  r 

C On T t n  r  DL«3UV 

t  1  } 

lPt*<U  ,*  j 

SAT  , 

v-^L 

sample 

15,00  l.flyd  1 , oH0 

KtW6Tt^ 

d  ./  \  V 

oi,/ 

i|L«U  1 

1  ,  1  6H 

-?>.  ,  4 

0.  Ion 

v  ,  oh  £ 

J  0  M  A  N  S  E  ^ 

i  ,05.5 

-0D  7 

-U  gA- 

1  ,  13? 

0 

.'.pi?  * 

PE  v*JtS 

i  ,^/v 

-03,^ 

Tn 

ADJ  ufc  VMltS 

GtHAN 1 

1,4/A 

-12.3 

"'t  bt  btyW 

VAN  nurif  •* 

/,1/V 

-/  /  ,  4 

ruM  !-ShT  Th 

MLA. 

Table  B4. 


S  N  t  r‘ 


C*  li  U  »  <  i  -< 


TYPE  )f  S^lll  0>ARSE  CRUSHED  UNSATURATED 

icat  me  ) 


5:°/  .yr.wv. 


SAMPLE  -40'STuRI  I** 

CO1  ^  F  •»  ▼ 

S  A  l*»  l E  3.30 


Rmu  -  \100  T  k-->  »  ,  <  * 

K.|  ■  0.4^0  MC»  s  t  i.  '0  )  <  I  a 

SAMPLE  hOtSTURC  ■'  *  y  <  1 E  \ J 1 1  1 

COGENT  >, 

SAMPLE  3.  ?U  1  ’ 


a, *  A  ion  ft"*  «  It  in  <  » 

K4  *  0.J86  Atcp  *  ♦  2. Ml  <1  % 


S,»,U  m^TU.I 

$A’A»'L6  3.30  3-'*3H 


t,i" ' 


r.-  oW’.k.V.  f>HYi  » 

,„.u  jo;?ru.f  j,  jjlf.y  <  ’R>'s  J,c  J 

SAMPLE  3.30  1  3  J  )«'■>'>* 


),.>)!)  p  ^  0 1  1 1*  S  •  t 

2.  joo  cAutirs/?  s 


J.  i)Oo  CSOl  1  rs  , 
d,0J 0  C*OiI»S2 


T ^  )r>  <  c-Mp*,T«P 
<?a3TE-l  i.1S« 


...j  )p.  '/ms 
»e*ist  u 
<il||-S  1|T4 

Ml  CL  a  I. <»■><>  CSOirM  ■  t 
■-  2,300  CSOLIOSZ  ■ 


j.  I'M  CL  • 
7  .  ■»  1  <  >  a 


<  CJ'^JTE" 

<  f.  R  S  T  IS  N 
J  )  M  8S6 N 


,,i  li  <1  if 

Ig9l3t  j« 

<  I  u  t-s  iff* 

- 


vu°, 

1,053 


DFvl  A7IO.V 

1  5  Q .  3 
1?,2 
41 . 7 


2:138 


ipT  I  1?>  <  5  MMTE* 


<  e  3  >  T  E  Y 
M  M  4S€  3 

T6?lSt H 

<  Mr  r-s  tr 


1.159 
■>.33* 
»  ao4 


OF  vl  »T  |0tf 


-U.J 


2  26/  Al*,*A  ■  --------  <  A  ■  0.J5S 

5.840 

►ifcTMOt-  K  CJ-1PJTF0  5FVUTIOV 

J:SU  8:1?i  t 

gImant  0.5A7  19,3 

^  2.6  alpha  ■  . .  aa  »  u.u*!» 

I  .«*!) 

METHOD  A  COMPUTED  DETIaTID'  '“?• 

iPE»C£A>T)  SAT, 

MICALEv  0.7i6  6?, 2  0.‘J2 

M{Kjrj  .1*251  -l‘I*2  O'1"  ’ 

SfMHVT  0.>7) 

M\H  HiTOTE'*  0. 521  -24.0 

QFOM,  MEAN  ------  . 

j  259  A  L p  M  A  »  --------  K*  *  0,076 

S.K40 

method  a  computed  IK?; 

MJCALEV  0.740  S’.{  S'?;?  - 

MC  1»A.J  1.072  151,5  0,13  5  t 

gImAJ^  o.'gas  tV  I 

VAN  «O0Ui  0.321  -30. A 

GEO* ,  MtAv  ------ 

*  . . .  *  n'1*1 

METHOD  a  computed  OfTJjTIO'.  P0« 

MJCAWEV  0.874  25.*  ♦ 

MCOAJ  1,112  69, A  0(1”  1 

«|SWt  "0*748  14. 3 

VAN  RflDYE'J  0.321  -50.9 

GEO*,  *tA*i  ------  ------ 


4C 

uwc 

X:S8a‘ 


NC 

UWC 

0.054 

0,054 


NC 

uwc 

0.054 

O.054 


S6C 

0.  054 

0,054 


Table  B5. 

KtBbltN  C«US*fc.O  7W*>*  HOCR  ONSA TijO ATtO  UN*»<02FN 


TYPE  \)f  90 1 L t  COARSE  CRUSHED  UNSATURATED  UNFROZEN 


2.V7tf  TFMP  a 
Mt>9  *flCfc  s 


{8.PJ0  CL  a 

-  -  *0  x 


,*MPLt  twiw 

Sample  ».2F 


otV.M 


CO^PUTFO 


SAMPLE 


ti.df 


CSOLlgS  •  T 
2.0tfP  CSCLT052  * 


deviation 

(PfWCtNt) 


t.922 


*0J  H.plll 

KUNIT-SmTtm 


2.085  ALPmA  *  --------  K*  =  0.F3* 

4,500 

METHOD  8  LO*PuUO  OFVJATION  PJR, 


micmlfy 

Mt  U  A  a 

ci:u? 

VAN  PQOYfN 

GEOM,  “LAN 

MICRLET 
MC  GAa 
SMITH 
GEMANT 
VAN  POOTEN 
GEOM,  MEAN 


0.660 

1,167 


304.5 


-36.7 


0,007  f 


.353 

.011 


NC 

UNC 

0,003 

0.003 


0.004 

0.004 


69 


Tabic  B5  (coat’d), 


70 


Tabic  B6  (coat’d), 


SAMPtP 

4.90 

2.111 

2,271 

KMSTIN 

JOHANSEN 

Si  HU 

RESISTOR 
RUN  I f. |MfTH 

i.iti 

}:ji; 

SAMPLE 

*,30 

2.194 

2.?2? 

iHHIIS 

Df  VR1IS 
AOJ  BE  VRIES 

<uN?f2i2i?: 

m 

SAMPir 

« ,  9q 

1 .9?4 

2,164 

*etSTf* 

JOHANSEN 

..j  n  viiti 

•  ft  1  STOP 
lUNl I-SMJTH 

l.*  s* 
i.lli 
1.221 

S AMP  LR 

0  . 10 

2.076 

2,640 

RERSTf N 
JOHANil" 

BE  VRlfl 
ADJ  DE  VRIE* 
resistor 

Kl>Nn-S"lTH 

21*39 

2.718 

Sample 

1 1 1  6Q 

2 , 3M 

RERSTE N 

JOMANSf * 

*E  V  R ! 1 1 
ADJ  r*|  VRIES 
PESfSTOR 
KUN I  I • I M  j  T  H 

2  696 
2.39  2 
P.432 

MfCKLfY 
we  SAW 

Mil 

2*:Z 

9 

2:732 

...  »8$:: 

HU 

.15:1 

1 9 

J 

MICRL1V 
MC  <AU 

i:I» 

1.3 
if  .o 

8:151 

♦ 

«:»» 

•EMANT 
VAN  ROOVlN 
•EOM.  Mflb 

MICRIPV 

MSI 

•11:1 

M- 

1  2 

2. 2ft* 

1. 1 

o.»?t> 

«.»»» 

•  0 

MC  6  AW 

?!4A9 

13.0 

0.190 

t 

0il71 

•EMANT 
VAN  ROOYjh 

1:118 

»••• 

1  A 

8 

"M‘«5 

!:«S 

•1:1 

Mil 

t 

•EMANT 
VAN  ROOV|N 

f:'ll 

»•** 

•66.3 

14 

1 

Micripv 
MC  RAW 

!:1?1 

1.1 

6.3 

8:iU 

♦ 

8:388 

•EMANT 
VAN  POOVfN 

i.-ai 

-11:8 

•fOM.  MEAN 


Table  B7. 


jU-i.SSeN  SA  O  S42  SAT  HATED  UNFROZEN 


Typt  jf  S'MLi  S A «wo  n*T.iRal  SAT  ill  ME  D  l  ieOZEn 


•MO 

A  »  ■ 


?.*0n  TIM'» 

0.369  MCA  , 


2. $00  A 


S>.it*UE  MOlSTu-k 

COMFnT 

S*mpuE  iA.Pu 


o»v 


1EA3J4E J 

cf  .  1  v)  V 


0.439  Cl 
4.  “PI  O 


tETH  10  A 
I? 


0.000  e*0llD*  • 

2,000  C  SOL  I  6  52 


COMMUTE  n 
33? 


AD  J 


!s3»l|  till! 


SA'<PL«. 

S  AH  t*  I.C 


?,600  T E M t» 

0  6M  MCA  rn 

•lO»STo»f 
“  itfuT 


22A«n  i 

2.  $00  <«l 


IE  vrIes 

RESISTOR 
<J  III-*!  1JTH 

0.430  CL  ■ 
7.310  rl  * 


DEVIATION 

2:8 


2.38T 
2.089 

0.000  CI0LI6S  - 
2 , 000  CS01I9S2 


CONTENT 

1*.6tl 


jay 

HtSj  TV 
1  .'*1 


IE  AS  JRE  J 
2,143 


AD  J 


1ETR1D  <  COMPUTE* 

<  E  R  3  TE  4 
J 
1 
1 


""  iunm  TJii 

Al'in-SUTH  2.083 


JOh#NSEN  GRAVEl  GR3  SITUATED 
TYPt  Of  Snll|  COARSE  NATURAL  SATURATED  UNFROZEN 

53°-*  oNWMttV*  ihll'd  :  i:Vi  S* : 

sample  moisture  dRv  <  measured  htm^d  < 
s.Mne  c0'ns,  J**.)*  ,<S53;|N 

IK  VRIES 
ADO  IK  VRIES 

«o«?fS43T?fi 


5,895  ALRHA 
3,8*0 

METHOD  K  COMPUTED 


■  t  0,023 


13.2 

-1  .0 


"P 

CKMANT 
VAN  R00TEN 
GEOM,  MIAN 


2.163 

2.191 

2.118 

0.645 

2.110 


deviation 

(PEReijTJ 


!» 


:  ooo 


.49°:i 

0.0 


a. 772  . 

5,840 


LRHA 


0,025 


DEVIATION 

(PERCENT) 

i-1 

10,4 

«2.8 


mETMOO  k  computed 


lil 


MICRICV 

M  M |m 

oImant 

ROOTIN 
,  MEAN 


Mil 


POR, 

•at; 


NC 
uwc 
0,030 
0  319 


NC 

UWC 


?:Mit  i-Mi 


R hi)  ■  P.7QO  T | m p  ■  M  400  «  • 
A  J  •  C.im  MCE  •  t  2. $00  K«  ■ 


o.47o  Cl  ■ 
7.3m  *0  « 


sample  moisture  d»v  *  measured  method  k 

CONTENT  density 

s««»ie  i*.»o  '.»»*  i.,is  J  imJIU 

51  «!in 


Table  B8. 

UHF.OZl * 


3:8^8  imiSbV 

CJ«»UT.n  g.vi.Tio, 

i:m  '""m 

2.314  *2,8 

i:#1  -1:1 

0.000  CIOLIDS  ■  f 
2.000  eiOL!DS2  • 

COMPUTE*  DEVIATION 
<RK"CKWT? 


VJIo*1'"*  ■ 


<A  -  t  0.023 


METHOD  K  COMPUTED  DEVIATION 

"M'H!  i:!3l  ‘""'Hit 

IMITH 
RANT 

1.7*2  H».» 

S .  S*o 


»0« 

t» 


m .  Bn 


lift!  *:!:! 

. .  KA  ■  t  0,023 


ADJ 

1ESL  - 
<mf  imJ’IITh 


m 

i:«: 


-i,*f  I; 


METHOD  t  COMPUTED 

"WHS 
cISijT 

AN  AOQVlN 
EDM,  MEAN 


i:lt£ 

2.434 

3:151 


DEVIATION 

(PERCENT) 

0,1 

■14:1 


POR. 
•  AT, 


NC 

UWC 


71 


Table  B9 


JOHANSEN  IRAVEj.  JR?  SATiRATfO  j*f4j£t‘ 
TVp£  if  S^Iti  COARSE  NATURAL  SATURATED  US FROZEN 


R  ■*  0  ■ 

l-i  • 

3.000  tE-y 
0.475  MCE  > 

•  *  4  • 

1  *  2.200  KJ  « 

O.T’.J  Cl  ■ 
7.013  <1  > 

U.Ov/O  CSUcf»5  •  t 
2.000  C  SO l J  OS  2  • 

2.05 6  Alpha 
5.840 

•-  A*  »  t 

0,025 

Sample 

Sample 

MO?  STU«f 

content  oe 

10.20 

0A¥  (  -1EASJRF3 

NS  1  ¥Y 

2.292  1,222 

(EThIo  < 

<ersten 

M  ‘  A  V  5  E  N 

DEVIATION 

V.35T 

1.523  Mil, 4 

METnOD  t 

MICALEV 
MC  ti Aw 

iiaui 

VAN  R007E>v 

GEOM,  mean 

2.055  alpha 
5.840 

COMPUTf p 

1  .51  3 

1  .  566 

*«»!||*» 
*9 ;  i 

POR 

SAT  . 
0.254 

1,000  t 

16j 

0,048 

0.234 

3.000  t|mp 
0.590  R 1 { P  ■ 

*3J  ilsflBl 

K  JH!  !«iS  1 1  T M 

0,110  CL  ■ 

T  :  6*7  a  <0  • 

1.809  -6,8 

i . 8  2  a  m5:5 

0.000  CjOliOs  ■  t 
2.000  CI0U0S2  « 

i'?9  30 
0.409 
1.525 

-11.4 

i  *  2.J0O  KU  • 

sample 

SAMPLE 

MQtfTURI 
COntinT  OE 

10.  20 

«  ve.sJ.ED 
i,E«7  1/T<.5 

4fTM3D  < 

<ERSTEn 

JOHANSEN 

40  J 

16S  I  9T0R 
KJNIImS  1|TH 

58  : 

i!55a  •w.'o 

mE  Tmc,<  t 

MJCKLEV 
MC  CA  u 

5»HU? 

VAN  ROOVEn 
GE0M,  MEAN 

COMPJTpp 

"11)7 

ES?; 

3£c 

8;  Sit 

83V 

oMIMti’. 

-7  03V  ; 

1,573  — 9.7 

kt\\  :h\ 

3:888  Emiliz'.* 

1,534 

-12.6 

VUo*1'"* 

Sample 

SAMPLE 

«0t,TV«E  D«v  ,  «e,S4,E!) 

C0vT,nT  OfHStTv  .  , 

16.70  2.E67  1,'.*. 

'eThTO  « 

<£,S7BV 

J3HVSS.V 
H  VUES 

,0J  3{si!l5l 

<  JYf  !*»}  l|TH 

BfVUT|OV 

METhOo  t 

MJCKLEV 
MC  0 Ag 

COMPUTf D 

1;WJ 

0rVI,TlO» 

‘‘•‘sijli 

POR, 

SAT 

?:6$a  . 

36c 

8;  Sit 

1:219  :t]\ 

He8m^me^n 

)!ltt 

MA 

-10.9 

Table  BIO. 

JOhaNSE*  CRUSlEi)  ROCK  P-J6  SAT  JR  ATE  D  U*'pROI|N 

TYPE  OP  tn t  1 1  COARSE  CRUSHED  SATURATED  UNFROZEN 

5IV  ,?».T.I!fV.  MVA:  l:«i»v 


sample 


HOTlTOM  ptv 

8,m 


1  ,759 


j  S*33»In 

ilspilS 


13V  ,?|IIM|;\V  iV50-*  * 


■  loo  *a  , 


i ;  fir 

_  - - - , 

l:MS  «:l 

MM  to  :  3:888  ElltitlzV 


MOtlTUH 

•ample  e#*I!!io 


1.082  ALPHA 

5.840 


-•»  KA  ■  t  0,025 


1«THUD  k  comput § n  deviation 
TIN  2 , |?A  P*  SJ.I 


13,5 

20,0 


J.ITM 

S58W 


mm 


METHOD  «  COMUJTED 

. am 

1 ,927 

Y  KA  ■  t  0,025 


r  -xH 

E8  J 

U.3 

9lm 

9.8 


POR. 

SJItr 

1,000  t 


0,277 


.01?  ALPHA 

5.840 


pi V  <  MEASURED  method  K  COHiUTlft  oeviation 

"!•«'  jjiiUi:  !;iii 

II  VI I  El  '  .«*«  '0.6 

ZMW  TIH 


METHOD  t  COMPUTED 


"M‘K! 


DEVUTIOi, 

l»B«CBj(Tj 


|MITH  ------ 

m  iiw  -w 


POP. 

*A 


NC 

[fr  n,. 

loo  t  0,1.7 


Table  Bll. 

JOnaNSEN  CRUSHED  ROCK  »U13  SAY JRAT|0  UNPROJfN 


TYPE  Op  90 J  L |  COARSE  CRUSHF )  SATURATED  UNFROZEN 

|HO  R  3.108  TIM  •  6;J<n  O  ■  0 .000  tU  p  0,000  clOlinl  ■  t 

«w  n  O.Jrl  *I«P  •  t  i,i0c  K«  «  7. $80  EO  «  2,000  CIOLJDS2  ■ 


mI8h 


•AMbt 


K  MEASURED 

Ml? 


•«|?nOD  K 


RlRSTEN 

JOHANSEN 


•AMPLE  MOISTURB 
•  AMPLE  C#*IlSo 


DAY  t  MEASURED 

"Wll  1 J31Q 


1.265  ALPHA 
5.840 


. .  RA  a  t  0,025 


,!?  ««««! 

.lip! 

KUNlIaftljfH  I'dM  ijji 

MV  tMIMliV.  J?,I8°«8  *  hlU  Ik  3  1:888  §I8HH*V 


m 


i,s 


METHOD  K  COMPUTED 

MtCRLKY  1,209 
Me  *Ag  1,253 

la  m 

VMo*L,H* . *  KA  a  ♦  0,021 


POR, 

Ifltz 

1,000  t 


5*8., 

0.4Y2 


MS- 


METHOD  K  C0MPUT|H  DEVIATION 


KMITIN  2 ,  It#  *  1  CS  jTi 

JOHANSEN  1,218  «l.4 

91  VRIEI  0.9 

"I.!!:!!!!!  THI  “i-f 


HETmO.  <  COM.UTib  bivution  ,o«.  *c 

I:in  ,M '!!;*,  ilhi.  Mil 


m. 


•  MITH 

mu 

MEAN 


m  -rl-S 
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Table  Bl2  (conl’d) 


.inijii  i-se; 

IF  ^  ^  I  E  S  .OfL 

,  :j  J  if  MIES  ------ 

sr^fis  V'tti 

\  >J  if  mi  t  $  -•*••• 

ICSIIMR  •••»••* 

<  MU-8  ' !  7  h  ------ 

«IEi|?9E«  i  '■'a* 

;  i-M  ijEv 

IF  MIES 

■*jf  •-3.2Z 

O'Hf-tMN  ------ 

<tRS7£S  1  v)9. 

iHitil  .2!: 

lists*™  ------ 

1 ; Jl i-S  ’Ith  ------ 

<  £  R  S  T  E  v  '  17t 

Jl'hli!  .:;Hi 

ieS ] S7  iR  ------ 

<  M!  i-S  <!▼■»  ------ 

<£«S78V  I  3$‘ 
i  iSE'i  7  JOB' 

ig  Mies  i ;i ic 

‘"*J  •■*»*■ 

. 

kF.RS^E'*  '%rt?r 

tps ------ 

*  I  j!  i-s  ,It'<  ------ 

<SR‘.7M  's9<v 

•  )  M  ME  J  i  ‘  07> 

------ 

am  <m 

. i J  >f  M J  £S  ------ 

ifiSt  ST-lR  ------ 

’l*  H  *--*•• 

<EbStEv  1  1Ae 
irjMiSEM  'TO?*- 

<  nr  i-s  . 

<69^Ei  i  2A7 
nUiSEv  fT'M* 
IF  MIES  1  .  06  A 

MWOli 

«■  1  ’I  f  I  ^  1 1  T  ♦  ------ 


f-ITJ 

GEMANt 

•MCaie* 


Qt M*Nt 

VA*  830^4 

GFQH  m£A\ 


mPi  2 

•  v:’ 

M I  C  A  U  E  v 

ti  A 

-  S2 ,  a 

*HlT*4 

------ 

V*H  t«#K 

0F.0m, 

’? 

r Alt  V 

GM  ANT 

:::••• 

VAN  Rf'O'IE'. 
GF0M,  *9EAV 

*7fc  b 

m1CAU6V 

:«;i 

G  r  H ANT 

------ 

VAN  Rr'UyE», 
GE0V,  »»E4'. 

!#.* 

"  I  r  A  L  E  v 
MC  GA  1 

•  »5,8 

1% 

•  AS  .9 

wie<iEv 

m-.i 

Mi 

V A*.  RP0VE  . 
GFOm, 

-29  4. 

"KAtEv 

•  1  S  *.  6 

MC  0 A  J 

•13.5 

------ 

------ 

v»s  ilaliS 

GFOM ,  MkA* 

GfMAN. 

van  hootEn 

QEOM,  MfcfK 

.In  2 

♦M  C  A  i,  E  v 

•  'Bl4 

MC  4A  l 

.iJi.S 

...  il!«! 

GE0M ,  Mt AN 

.12.1 

•44:i 

MJCKlEv 

MC  4AJ 

•  *.2,1 

SMlT-4 

v.s  6S3lf 

GF0M .  mEAw 

8:«? 

iitn 

t 

8t?«4 

0;651 

-•4--- 

•10,8 

•:22*! 

c;609 

0,919 

•STU9 

0,'4AO 

•  16,? 

•  15,0 

•  37,  1 

Q ,  564 

0  J  575 

t 

0,061 
o ;  3*4 

l&i 

-40  5 
.221? 

0  54$ 

0 }  6l  9 

t 

o:?5J 

8iHt 

0.8  30 

-1185? 

0,9*9 

0  ;  8  "1 8 

.40,5 

mttUl 

■14,8 

.42,1 

0.5  09 
0.716 

t 

0,064 
0:  365 

0  -881 

1  70*9 

mt*m 

0.882 

.45  2 
-50,7 
•:«;8 
.45,3 

0  49  1 
0,*7?0 

t 

0  064 
0,’37» 

1  -01  7 
i  .*162 

:$3;X 

S;8\s? 

t 

hW 

1*080 

o!9>4 

s!»:i 

0.723 

0t915 

------ 

0.731 

0 ,670 

•  J®  i 

.:Ua: 

•56,1 

.42,9 

t 

0,061 

oUao 

o;7*o 

ot9S7 

-41  2 
•27,8 

0,582 

0 , 791 

f 

0,062 

0.460 

S-iSi 

:21:1k 

5iW 

8.414 

t 

8.213 

0^818 

0.750 

•  42,0 

.50,(1 

V0?2 

1  7086 

.3«  5 
•  54;? 

0,11' 

o:*n» 

T 

0.064 

0  *  5  2  0 

:«:♦ 

1:1W 

8!So‘n8 

t 

W\l 

iiia 

•IM 

Table  B13. 


A:  h'.TtK  HIAlY  1 1 A  v  >ATUMll|P  UNFROZE* 


Ty»  l  -  U  tit  Cl.V  "■  »,  T  1 ' 0  A  I  SsTUM/ltfcU  UfcfM02FN 


Rhi*  *  .,5V  T t " p  ■  •»  «  U.220 

AU  »  «.».>**  AH*  *  ♦  /,?l*  •  O.U*U 


Cl  *  t  U.780  CSOIIDI  •  ♦  2  IU  *l9H» 

«<)  •  2,000  CS01I DS2  ■  1.251 


M  ■  t 


0.02$ 


Sam>  •  •  j  STliC  t  Uu> 

s a i» *  i *  fu,ifx 


SUREO 

m61hu0  » 

CTMPUTFP 

1  ,?S3 

AtHSTf * 

1  .  3  76 

JONANTtN 

1  ,  5  4  A 

of  vnjcs 

1 .62? 

*pj  Of  VRIES 

dESJsT',w 

1.748 

AU4I  !-$"!  IN 

1.491 

OEVjAT.dK 

<P|«Cf Jt> 


15.1 

•5.4 


mFT*OT>  r  COMPOTE  D 


"ICKltV 
MC  SAW 
S*1TM 

CEMENT 


1 .571 
1  .624 


0EV.AT.0m 

(pmccAtJ 

1; 3 

*-iu 

0.5 


74 


Table  B14. 


'’fi.Mg  lETA  IlAV  S*U,PAtIu 


TVPf  i  • 

V  III  Cl.  A*  ",T"OAl 

SaT^PA  ’EW 

us  f WVA e A 

'll0.' 

.  .  7U  Jt'  P  •  1  ,  t- 

-.56*  AiCF  •  ♦  v.2l 

.'*!■  <1  • 

4  • 9  ■  ♦ 

v.ufio  Cl  * 

<J  •  4  3  o  «u  »  t 

y.m 

S AH'  If 

SAF*'  L' 

-4-^tSTwaf  utv  « 

‘■■'•■zm o  renm 

m»  aSup  t  D 

o  ,  Hull 

-n^c  a 

A  t a  *  T  E  * 
JOMASlE A 

P  F  VPItS 
Al>J  DF  vPjtl 
PISlStUR 

K Ok  t  l-SWf  »*» 

COMPI-T6  a 

1  .0*0 

0  .905 

0.041 

DEVIATION 

i pe*c^|t^ 

1  2  !  9 
17.5 

0«9*5 

0.MA 

24. 5 

2  2 

SAM-  U 

16  .My  1  J*(j 

1.  *..* 

t  F  P  6  T  t  A 

J  0*AH$t A 
A6  v  k  i  t  V 

J:»? 

1 .01  1 

49;? 

11  .7 

!»:t 

SA*«'  l  4 

54,  /V  I.4V.I 

,  V  i  U 

KEPSTEA 

JOAAAjfc A 

n  v«in 

PESISTUP 

KUPU-SM|TH 

1.054 

*1:2 

12.4 

1.092 

0  .921 

18.7 

0.1 

SAn-  i: 

54  ,*u  1  41<: 

u  ,*io 

KFPSTEA 

50HAH$t* 
f»f  VP]E> 
AU4  M*  VRUS 
P6SUTU** 

AUlll  t-SNlTM 

1  35? 
o:qso 

1 .019 

43  A 

I'A 

1.075 

0.901 

'-It 

SAM' i; 

'.556 

u  ,vwi 

kepstea 

JONANSt a 

66  v«lts 

ADJ  6?  VRIES 
alsistuR 

AUN I  l-SAJ  T" 

1  464 

1  *0  J7 
1.074 

"l!l52 

0.969 

47  A 
4*7 
8.6 
9*. 5 

•7.7 

'  7j$4*L*,u 

«{TmOO  K  COMPUTED 


KA  •  t  0.025 


MtCKlfV 
MC  SAW 
SMI  7* 
•IMAMT 
VAN  tOOVEM 
IIOW.  MfA* 
WICKLIV 
MC  SAW 

SUIT** 

®f N44T 


o.m 

0.948 

'  S:«i 


?:5*  J 

I'm 


OCV.AT.ON 

i  »r  5 


pot. 

|il»,  !f?5** 

i.ooo  t  o.sn 


All 

8  7 

i?:a 


!: 


? : 080  ♦ 


.7 


8:58? 


-WHS 

•law 

VAN  R00V6N 

1-825 

9i 
i  5 : 5 

2:oo8  t 

0.950 

0.94® 

1 . 1 
5.0 

MICkIIV 

MC  SAW 

0  9«o 

1  .*024 

A  A 

1  0  .*  5 

0  49® 

i.'ooo  t 

0  4*5 

0.*49® 

GENANT 

V A  n  POO VI N 

0.955 

0.962 

2.7 

5.4 

MfCcLf V 

MC  GAU 

aiaijr 

van  IootFn 

IEOH.  MEAN 

1  045 
1.0*2 

i:W 

%  A 

9. ’7 

-?:S 

0  447 
1.000  ♦ 

0.0*4 

0.447 

Table  B15. 


*•  'M*  5  *' 


T  VP  i 
»HU 


S A*»  i  1 

SAM'  (.< 


SAM- 


HL:  Cl/V  Mat-  *  A I  S'Tutam- 

»IU  a  *  2.?l*  * «  ♦ 


iokt  cATUnATFD  y  *  ■  F  p  0  7  E  A  CLAY 

-US 

SS§  5l§tlol?‘. 


U»-  ik 

•  IM»0  Cl 

.  «  »«>  AW 


2.00Q 


<0  I  ^  T  Jli  | 


>>  .90 


/7.20 


up  v 


■  A*  5 


1 5 . 0  0 


56* 


I  .554 


f«  f  AS  OR  F.  P 

1  .  r>  7J 


^  ,4.86 


6 f  v«: 

,i'j  sun 

*  UA |  l-JMl TH 

RfcHSiTt** 
jOhAnSEN 
OF  V*IE* 

a u j  n  v«]f> 

BESiSTUb 

*  WA I  J I  T  N 

BkBbTfcM 
JOHAAf 
DE  VHIES 
AWJ  66  V H  I  E S 


4UM 


Ul*IM 


1  .4^W 


•|1 
IEPSTE A 
OhAMEM 

AD.  SI  »j|l 

P  f  5  I  STD* 

AWMt-SMTH 


Si 

fUlitve 


D|V i AT tOn 

(Pf*Cf*TJ 

:*H 


m6Th00  a 

M| C* If V 
MC  SAW 

...  Ml 

ffOM,  M 6  A N 
MICAIIT 
Ml  fi*U 

SMITH 
GENANT 


COMPUTE  0 


Hi  M^K 

MfCrllv 
MC  SAW 

•law 

•00V6N 


KA  •  t  0-025 


V** 

•  EOM 


OVFN 
MIAN 

‘Will 

•1511* 


:}};! 


jo«. 

0?U* 

1.000  t 


*c 

0.409 


0.8( 

0 


Sll 


?:«?  t  *:»» 


0  457 
l.’OOO  9 


0.0*5 

0.4J7 


MSSt  8:911 
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Table  B16. 


*Pt  JP  S  J I  w  i  SU 


DAMES  A*£>  NCOME  Si  M**L  t  9  SiTy**TtO  J*7«02fN  5  1 1 T 
SiTu«AL  SiTjRiUO  UNfMPiEN 


ft  a 

■  *  * 

2.700  TE*P  ■  24,rf?4 

?,§97  *iCt  ■  T  2,240 

J  B 

4J  a  T 

0.P00  CL  ■ 
0,430  UU  ■  t 

1,000  5 
2,000  ( 

:tot{8aa"» 

2,010  aiPna 
2,524 

SA*P.fc 

•*:iSTu**P 

wONTC.NT 

ft  m£A5jHEC 

density 

"ETNQD  < 

COMPUTED 

DEVIATION 

(PERCENT) 

METHOD  * 

S  A  -  *>  ■„  c 

23.9? 

•  .591 

1.481 

*E»STtN 

JOHANSEN 

1,621 
l .  2  1  ft 

MICKU ET 

m c  5*« 

UE  V8IES 
45J  PE  vMliS 
ftfsrsrcip 
Ml**X  1-8*1  T" 

1.265 

•H.0 

i-iTh 
GtM ANT 
van  POOJCN 

GEOft,  MEAN 

1  .  J36 

•».? 

1.147 

-22.8 

Si-p.t 

23.4? 

1  .5*1 

1,499 

*E°STtN 

-ii:S 

jQ-ANStN 

5 E  v*IE$ 

40J  PE  VHIES 

-ESTSUB 

1:11? 

1.J38 

-Ia*2 

VAN  550TEN 

1.147 

-23,5 

GEOM,  MfcAN 

Si-p^t 

24,40 

1.52? 

1.35* 

*E*STfcN 

1.441 

•  7,0 

MICftlfT 

JOnANSE^ 

1  .164 

-24.9 

-C  5*" 

wE  V9TES 
4DJ  Uf  vW IE  3 
«ESISTU» 

1,214 

-21,7 

Smith 

1.209 

- 1  »> .  9 

VAN  OOOYEN 

«uN1!-S-ITh 

1.262 

-3?, 2 

GeOm.  mean 

Table  B17. 

ft  i 

i,JT4  <4»t>>  |.nAM  cNSATMpATfO 

F  8  0  2  F  N 

Tn* 

»  J  '  ( 

'  A '  -  •  4  T  i  0  4  I  1.  • 

.$ATii0,TfC  »Bft7gs 

II.  . 

1  f  ■  -4  ft 

•.  a 

5**i  Cl  • 

o  .  1  ftO 

croups  .  » 

4  634  AlPMA 

1C'  .  7.?  4.1 

1 M  " 

4.2^n  «i'  • 

2.1*00 

C'OLlHS?  . 

3.500 

5  *  • 

_  r .  ; ' ,  v  *  k  * 

4  b  yj  3 1-  * 

••FT».|f  i 

Cr**pi»TfP 

PFVI  ATffti, 
(pf flC*5Y> 

M  E  T  M(1  ft  V 

S  A  -  -  • 

.•  ,  c  <•  '• 

«f  PSTF*' 

ft  .  ?07 

14.0 

M  1  C  *  L  F  v 

M  A  *•  ft  f  N 

ft.S4* 

'9  .  4 

MC  RAW' 

-F  V  C  J  f  s 

ft  .  A2ft 

231  .1 

SMITH 

T  ww  “  - 

S*->  l  ■ 

,  , 

^  * '  1 

.  ‘••'0 

*k  BSTF*. 

ft  49ft 

«.? 

M 1 C  K 1  fV 

•  :«as$FN 

'.3?« 

O.? 

MC  RAW 

ftf  V  8  IF  S 

1  .72** 

1*7.4 

SMITH 

t  r  r  r  t  r  ^  V 

6  f  M  A  N  T 

.  •  f  j  j  *  ^  j  T  r 

-  - 

s ,  •  • 

•  **s1 

■  F  BSTF  N 

ft  A  SI 

19  4 

m  i  r  k  1  p  v 

1  f'  *•  A  N  S  F  N 

ft :  ft  4 1 

10-.S 

“«  (l*u 

f  VB  !  F  b 

4  .  4  76 

1»0.* 

Smith 

■  J  n  p  ^  if  i  I  ^  J 

a  -  • 

V*N  *Of)Vpt, 

R  F  0 M  _  Mf  A  A‘ 

M 1 r  F 1  lv 

* 

SA-.  . 

•  . 

1  r  ,>i 

•E«5Tf  *■ 

ft. 042 

6  7 

.1  n  h  A  *  S  F  ft 

0. 405 

0  .  ? 

MC  RAW 

*  E  V  8  I  F  S 

1  .  *90 

115.1 

SMITH 

* 

S» ’•  i  r 

>  l , 

1  7*7 

iz/M 

«  PBSTFN 

ft  o  i  ft 

“KKlfV 

lOMANSf * 

ft  !  9  0  3 

<0.7 

Mf  RAW 

ftf  V  8  I  F  S 

1  .  *67 

144.* 

SMITH 

°FS!  STUB 

VAN  ioovp  Ai 

S*  *(  l  ' 

.  < 

1  .U’ 

1  ,  0ftS 

rPOSTF* 

1  .322 

4  A 

M!f KIEV 

J0HAN1FN 

i  .  ?ii 

MC  6  A Wi 

*  e  va  i  rs 

2.34C 

*5  .  ft 

SMITH 

van, iorvp» 

5i»»  i» 

T 

4.-3ft 

1  ftft7 

KF  BSTF*Y 

1  «i» 

<0.4 

1  .4 

Mff ripy 

1  0  H  A  N  5  F  N 

1  .  ft70 

MC  RAW 

ftF  V 8  ]  F  5 

7.  A?9 

71  .* 

SMITH 

8  F  «;  1  STOP 
ROM  I  •  3  **  I  T  M 

VAN  iftovpu 
RFO“.  Mp*A. 

<  ,  15? 


VFBSTPN 

1  *S4 

*0 . 1 

“If «LFV 

JftHANSfft 

<  .445 

11.7 

Mf  RAW1 

ftf  V»IfS 

2  .  *  4  5 

00. 3 

Smith 

A  ft  J  ft  F  V  8  I  F  b 

6  F  M  a  ft  7 

•>  F  S  I  S  T  0  8 

- 

VAN 

■  OOVP*' 

<>‘M  I  — S  M  I  TM 

*•-•-- 

RFOM.  mpa*. 

AFBSTPN 

1  **0 

72.0 

M|f»| pv 

JftHANSf  *• 

1  >77 

14  .  S 

MC  G  A  W' 

ft  F  V  8  I  f  S 

2 . 770 

1  0  1  .  A 

Smith 

AC J  ftF  V  8  J  F  b 

QEMAftT 

®i s I stc« 

V  Aft 

ioovp  ft 

*i/N  I  1«5m  1  TH 

. * 

RFO 

M.  MFA* 

VF  BSTF  N 

? ,  46 4 

*  .  * 

“if  npv 

.iOhaNSE  ** 

2.760 

-3.3 

Mft  AAi- 

ft  F  V  8  J  F  b 

3.414 

45.7 

SMITH 

A  ft  J  ft  F  V  8  I  E  S 

RPMANT 

BFSJ  STCB 

V  Aft 

■OOVP* 

Oft  I I-S“I Tm 

ft  f  0M .  MpAft 

COMPUTED 

m 

*  1  *  200 

hn 

\:W 


DEVIATION 

iW£f?:j 

•  1  8 , 4 

iff:? 

:»:i 


1.200 

3.555 

1.215 

1:151 

Tip 

1,164 


•19.4 

137.2 

•16,9 

-24.0 

•21.2 

*-24*8 

257.0 

-24.9 


POP, 
l*T, 
0*412 
1  *000 


0,412 

1  .000 


0,442 

1.000 


........  K  4  ■  O.OA0 


1.7*1 


2.?‘4 


2  5«3 


2.3*4 


2.330 


2.07* 


OEV,ATffl»  POP . 

<PP*Ct>|T1  SAT. 

::::::  8:5$; 

:::::: 

:::::: 

140.0  0.21*1 

......  0.151 

153.2  0.348 

-  0.1*3 

::::::  *  ■•**'* 

5*3  n.23i 

......  0.344 

02.*  0.2*4 

------  0.300 

7(1.0  0,2^0 

-----  0.334 

20. 3  0 . 2?1 

.  0.510 


HC 

n:&«, 

0.412 


0,062 

0.412 


0.06J 

0,447 
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Table  B17  (confd). 


•FRSTF* 
JOHAHSf * 
NF  VRlfS 
Af»J  *F  V*1FS 
OfSl STOB 
«’•*  !  T-SMjTH 

rf RSTF * 
J  0*  A  **5  F  N 
IF  V»!EV 
* !'  J  r>t  V»!fS 
»FS|STC* 
Rl'N  1  t-SM  T* 

icFRSTFN 
JCHA^SFN 
*>F  VR|FS 
#PJ  r\(  V«lfS 
Of  S|  StOB 
«"•*  f  f  1 1*» 

»  F  RITfN 
JOHANS** 
b€  VBlfi 
n F  VRJfS 
OF*:!  STOB 
*"*>  I  |-Jn|TH 

*FR$TF* 

*  F  VRIFS 
t  Lp  J  f  V  B  I  F  S 
JfMSToB 
*<»»  f  !  *SM  !  ?*• 

<FR$Ti  N 
I n h  rn  $  f  n 
rf  V« I tS 
*fJ  ’'F  VRIFS 
Of SJSTOB 
<"M  J-iMITH 


"ICBIFY 
HP  IU» 
S**!TM 
GFmrRT 
van  innvp»' 

fiFOM.  M  p  A  *' 

•" !  P  K  I  F  v 
Mr  «AU 
$m|T« 

6FMANT 
WAN  tOOVpN 
MFfc» 
M  I  C  A  t  F  v 

MC  G  A  i 

S'*  |  r  ^ 
61-MAN* 
VAN  RO0V|N 
QFOM.  MPA>- 

•MPKl  pv 
*»C  6A' 

Smitk 

6  F  M  A  A' T 
VAN  ROo  V  F  ►• 
QFO**.  MpAN 

KIPRLFV 

mc  r.A i> 

WT* 
GFmamt 
VAN  Rnovp»- 
6F0M.  mpa* 

MfPRLFv 
MC  CfcU' 
SMfT** 
GFmant 

VAN  R  Of> V F  N 
flFOM.  mfa* 


i*.i  0.215 
.  0.53* 


1*.*  0.1*0 

-----  0.7*0 


*.*  0,2*<J 

— —  0.636 


12.’  n.2Ji 
.  0,|00 


0.2*4 
-  0.94J 


1*.°  0.35* 

-  1.000 


Table  B18. 


J  UHANbEN  SA.N0  Sa2  SAToRATfc0  FkOZFN 

TtPt  OF  Svltl  S  A  NO  N4Tj4al  S A  ToR A  T  t  3  FKOZFN 


R"0  *  2.600  TEMP  3 

Am*  t  0 . *70  <ict  s 


-O.V00  U  * 
2.3)0  Ay  a 


SAMPLE  *0iST\jHF 
„  ,  CONTENT 

Sample  la. 00 


OtNbI T* 
t  1.722 


RmO  »  2  .00(0  TEMP  a  -28.000  y  a 

«"  *  t  0,370  Kice  *  2,1/0  Ky  s 

SAMPLE  M01STUME  ONv  K  mlasuheo 

CONTENT  DENSITY 

SAMPLt  18,00  r  1,722  2,67b 


0,480  CL  * 
9,400  *0  s 

METHOD  * 

K£RbTEN 
JOnansen 
UE  VRIES 
ADJ  UE  VRIES 

I:t3l  Sb  i 


KgRSTEN 

JOHANSEN 

.W  8f  vSill 
RESISTOR 

KUNJI-SHITM 


0.000  CSOLIOS  s  f 
2.000  C00UIDS2  » 

COMPUTED  OtViATIoN 
(PEMCENT) 


3,264  4,9 

3:SSS  StStlBSa*-* 


CO“HUTEU  OtVUTIO* 
.  ...  IPE«CENT } 


■>.»».  4LBMA  >  . . .  ....  0 

5,940 

METHOD  a  COMPUTED  DEVIATION 

hic.lh  3 . 3 1 s  <PE,ceW 


GEMANT 
VAN  ROOVEN 
GEOM,  MEAN 

4,145  ALPHA 

4,840 


8.7 

*A  •  f  0,025 


method  k  computed  deviation 
MICKLEY  3,-78  CPERC|S:4 


MICKLEY 
NC  GAM 
SMITH 

GEmInT 

VAN  ROOYEN 
GEOM,  mean 


Table  B19. 

JUM.NStx  I.B4VEL  S«|  SJTuP.rtO  FBCUEN 
TtBt  Of  SUll!  COARSE  NATURAL  SATURATED  FROZEN 

2:v,  .?»hmkv  f:«S5b :  !:isg  gigtjgi2*.f 

SAHBU  JOISJU«r  B  jjj*  "  "EASUBEU  METHOD  R  CO-HUTCO  OEVU 
J.HHU  lS:J,  3.103  «E„STES  4.0„  '"(MZ 

JOhANSEN  fi.493 

PI  VRIES  J|4j4 

AO J  DE  VRIES  . 

MfSlSrO^  J.619 
KUNI  I.JMITM  jtSii, 


COMPUTED  OtV  t A  Y IQM 


-Vt  ,;»Je.IKp,-  -lUWni  l  S:SSI  Sb : 

!*,"'LE  X?  oeSSTtv  "  "E,S|J,'EU  « 

S4HPLE  1 3 . 20  f  1.4,3  3.5,4  «e»STEN 

JOHANSEN 


§:§S1  ?!ctfb!i’.r 

COmPuTEO  DEVIATION 
(PERCENT) 
9.2lg  I7;s 


4.047  ALPHA 
4,840 


- AA  «  t  0,025 


METHOD  N 

COMPUTED 

DfylATlON 

POR. 

NC 

MICALCY 

"S.!?S 

GEMANT 
VAN  POOYEN 
GfcOM,  Mt-AN 

3,446 

(PERCCNTj 

i:j»3 

UNC 

3,433 

n.5 

1.000 

0,000 

4.186  ALPHA  ■  ....... 

4,840 

METHOD  *  COMPUTED 
MICKLEY  3,394 


-*  AA  «  t  0,025 


?SEi«$  i‘ii, 


Table  B20 


jgMASSe*  GRAVEL  GR3  SATURATED  f*02E<* 


TYPE  QP  SOI  LI  COARSE  NATURAL  SATL' RATED  FROZEN 


SAMPLE  MOJSTUHE 

content 
sample  U.J0 


2,700  rEM 
0.470  R ICE 

STU 

IS? 


2.700 
0,570  * 


OHT  K  «EASUREU 
DENSITY 

T  1.897  3.572 


'EmP 

:ce  i 


-30.000  Q  s 
2,400  XU  * 


0,-/0  Cl  = 

8 , 5 V0  KU  = 

0.000  CSOclDS  «  ’ 
2.000  CSOc Iv92  s 

3,968  ALPHA 
4.840 

-  KA  s  T  0.025 

METHUO  K 

ke»sten 

computed  ot  v 1  a  r i u  n 

(PERCENT) 

METHOD  4 

MICXLET 

COMPuTtD 

DEVIATION  Pl»R, 

(PERCENT)  SAT, 

-5.1  0.256 

NC 

UHL 

3,390 

*  soi* 

* 

3.422  4,2 

C  E  M  A  N  l 

*3  455 

kunii-Smj  Th 

3,372  -5  |  6 

GEOm,  mean 

3,394 

-5.0 

0.470  Cc  * 
9,200  KO  s 

0.000  CSOLIDS  *  Y 
2.000  CS0LIDS2  x 

4,098  AlPma 
4.840 

-  KA  r  T  0,025 

sample  moisture 

„  CONtE-  - 

sample 


stent 

1  A,  J0 


ORY 


MEASURED 

3.885 


METHOD  X  COMPUTED 


ADJ 

<UM 


X  E  p  S  T  t  N 
JOHANSEN 

3?  Kfi! 

HESISTOR 
•  i-smith 


3.909 

3.532 

3,559 

*3*590 

3.508 


DtViATlUN 
TPEMCtM  | 

-8*6 

-7,9 

*“*7”I 

-9.2 


Mt T NOD  x  COMPUTED 

MICKLE  t  3,529 

MC  CAM  ------ 

Smith  ------ 

GEMANT  ------ 

VAN  POO  YE  N  ------ 

GEOM.  MEAN  3.532 


DEVIATION 

CPeBCENTJ 


PUR. 

ft*. 

1  .000 


0,0 


Table  B21. 


JUHANSEn  CRUSHED  ROCX  Pu5  SATURATED  fhoeen 


type  op  soxn  coarse  urushed  saturated  frozen 


RHO 
km  ■ 


nr. 


-9.500  W  * 
2,320  XU  = 


0.330  CL  = 
8,480  KO  = 


0.000  COOL  IDS  = 
2,000  CS0LIDS2 


3.222  ALPHA 
5,840 


KA  =  T  0,025 


Sample  moistuhe 


sample 


coni&:;« 


dry 

DENSITY 
t  1,861 


MEASURED 

2,772 


RMO 

Km  ■ 


Sample 

Sample 


MOISTUHE 

conii:i» 


nr. 


•RiMMI ; 


DHY 

OENSITY 
T  1.861 


METHOD  x 

kersten 

JOhANSEn 
DE  VRIES 
ue  v«rts 

NESI5TQR 
KUNII-SMITh 

0,330  Cl  = 
9,130  XO  s 


AO  J 


cgMpuiEu 

3,612 

"2I93S 

2,886 

0.060  C 
2.000  C 


MEASURED 

2,888 


METHOD  X  COMPUTED 


xersTEn 

JOHANSEN 
PE  VRIES 
DE  VRIES 
hESJSTUR 

XUNII-SMITH 


ADJ 


3,812 

3,620 

3.029 

*3*039 

2,994 


DEVIATION 
f PERCENT) 
32.0 

4,5 

4.9 

i:f 


METHOD  X  COMPUTED 

MICXLET  3,020 

MC  GAM  ------ 

ogSil?  :::::: 

VAN  ROOTEN  ------ 

GEOM,  MEAN  3,020 


DFVIATION 

(PtRCENT^ 


POR. 

SAT 

0,306 

1.000 


DEVIATION 

METHOD  x 

computed 

DEVIATION  PuR, 

MC 

(PERC^NT^ 

MICXLET 

2.912 

(PERCENT)  SAT 

5.1  e.306 

U«c 

5.  J 

MC  Gam 

-  1.000 

6.000 

5.5 

Smith 

5.9 

VAN  ROOTEN 

4,1 

GtOM,  MEAN 

2,913 

5.1 

SOLIDS  ■  Y 

3,301  ALPHA 

=  ------- 

-  XA  =  T  0,025 

S0LIDS2  = 

S.840 

NC 

umC 


0,000 


Table  B22. 


JOHANSEN  CRUSHED  ROCK  PU9  SATURATED  FROZEN 

TTPfe  OP  SOIL!  COARSE  CRUSHED  SATTRATED  FROZEN 

RHO  ■ 

KN  ■  t 


2.730  TEMP  ■  -10.600  U  =  0,030  CL  = 

0,970  KlCE  •  2,320  xg  s  8,520  KO  = 


0,000  CSOLIDS  « 
2,000  CS0LIDS2 


2.089  ALP* 
4,840 


A  s  .  X A  -  t  0,025 


sample  mou 

COn] 

sample  • 


TU  HE 

ENT 

3,60 


o«r 


MEASURED 

2.408 


2.^i 

0.470 


730  TEMP 
"  ICE  ■ 


-31.400  Q 
2,490  Kg 


Sample  MOISTUHE 
CONTJ"“ 
•AMPLE  * 


‘HE 


DRY 

DENSITY 
t  1,603 


METHOD  X  COMPUTED 
3,368 

J:tSi 

TIS; 

2,203 


K£RSTtN 
JOhanSEN 
DE  VRIES 
ADJ  OE  VRIES 
RESISTOR 
kunii-Smith 

0,030  CL  * 
9i230  XO  « 


deviation 

CPERC^TJ 

-9*4 

-9.4 

mm*9m,i 

-8,3 


0,000  CSOLIOS  • 
2.000  CS0LXDS2 


measured 

2,494 


METHQO  k  COMPUTED 


3,368 

2,249 

2.252 


ADJ  __ 
MUNI  1 2 J 


EP3TEN 

.HANSEN 

l  vglll 

f!BW5 


2.255 

2,28’ 


( PERCENT | 

-9,8 

-9.7 

**-9le 

-8,3 


METHOD  X  COMPuTtD 

MICXLET  2.181 

MC  DA-  ------ 

SMlTn  - -  - 

GEMANT  ------ 

VAN  RUOYfN  ------ 

GEOM,  MtAN  2.181 

2.094  ALPHA  =  - - 

5.840 

method  x  computed 

MICXLET  2.249 

MC  Sa-  . 

SMITH  ------ 

GEMANT  ------ 

VAN  ROOYEN  ------ 

GEOM,  MEAN  2,249 


DEVIATION 

(PE»CFNT) 

•  9.4 


PUR , 
SAT. 
0.41? 
1  .000 


KA  *  T  0,025 


DEVIATION 

(PERCENT^ 


PUR, 

1.000 


«c 

,000 


NC 

UmC 


0,000 
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Table  B23. 


rvpt  -  •  ■;  » 

a  Hi)  m 

»  W  *  " 

—  - 

S  AM  t  •■ 


S AMP» * 


SA*«»'l.r 


SAMV  i.t 


Sa*^  i.r 


yyi’f  .»i  ft 
bko  • 

SAM*l»  *' 

r*< 

$A#PU 


SA*»'tF 


SA^PtF 


SA*Plc 


SA«PLF 


sa*Hf 


i*. 


*.«•  t  r 


fl  4  i  ,«»TUe/Hl-  I  r»f  • 


i  1  'V  *•’'»«' 

ti  r  *  [ 

,  i  <■  •  =  ?  .  »* 


Tl-  f 

U  - 


M  »  '  *  rV 
1  *Al 


A.  1  ’  ft 


A  1  7  A 


1  7  A 


r 

.  •’!  ^  ct 

>*.4^rt  K  *■ 


t  *  Min  rM.i  i  (>*•  ■ 

♦  ? .  app  f  «•.?.,  tn«>  s 


i  i  Art  a  ■  r  v  * 
7.  S?4 


0  f '?4 


FV  BST»  ' 

|ftH  ANCF  * 
r>F  UB||V 
.1  r»  F  V  P  r  »  S' 
JFSJSTI  *• 
HM  f-SHlV 

( 

R7*» 

\  L*> 

i«r r n  r ' 

- 1  ft  t 
a?  4 
»S  T 

rFBSTFft 

tOHA*4<F‘ 

AF  V®  » F  s 
nl  y P  1  F  $ 
»F® 

i  l*W  t  1  •<*•  1  T  •* 

'  7ft-* 

*  37« 

?  .  ft3« 

? 

-AS  r 

A  1  ft 

IFBIU* 
»ft»ASFF  ft 
nF 

PJ  n(  V®1F,i 
'’FS  J  ST-OiA 
»  'w»  f-S*l»T** 

1  7ft’ 

A  70  4 
1.4^3 

-  v  X  7 

-7*  7 

-  1  0  0 

F  F  P  S  T  F  ft 
jftMANSfft 
t\F  v  B I  r  S 
nj  st  V ®  *  F  b 
'FSlSTi'k 

*  "N  r  r-S,4r,ft 

1  «43 
?.  Rftft 

7  Ml 

.7*  0 
-ft  * 
-3  3 

fFpSif’ 

inN  a*<*  Fft 
nt  V  B | F  b 
pi  PF  V®  * F  » 
^FSlS™* 
|l»n  |  If 

,  040 

7  177 

7  714 

.7*  0 
•  7ft  P 

-aO  7 

v[Th'  ft  »  rOM0l'TF  p 


a  t  c  » l rv 
M  f  «*.  A  ' 

Cto|TU 

r,  f  •* » *■» 

W«f  BMAVC* 

ftflV  “FA* 
M)f*l  fV 
m  r  /;  a  ' 

»/A»-  o^^vr* 
ft  F  A“  «M» 


1  3*4 


PF*'  1  *T  »0* 

(Bcor5XTl 


••ifrlFv 

m  r  r.  a  i 
fv«1  TM 

6F  “AM* 
llln  Bli'iVtl 
r.  i  rtf'  “F  *  *• 
m  t re  I  tv 
M  P  r,  A  •  ■ 
*  »•  |  T  W 

r,  f  “  a  w  * 

WAV  pnnVr». 

fjAM.  Mfl" 

*-lfII  F  V 
mt  p-ft«' 
3  W  1  ▼  U 
ft  f  w  A  H  * 
tl  A  %  Bn'-.Vp- 

r.ff'M  >it|i 


1  3*f 


7  3?4 


-1  3  4 


-17  c 


OO®  . 
<|T. 

ft  4ft3 

ft.  74 ft 


ft  34* 
ft ;  3 1  3 


ft  36« 

o ;  4*0 


ft  33® 
ft  *0?7 


ft  33° 

ft  '.  0  ft  ft 


Nr 

ft  ftOft 


Table  B24. 


t»,'  II'  • 

c  T'l  e 


®.'7 


1  .  W 


•  TgM  F?ntF 

'» ft  7  F  N 


«  .  ft  »ft  r i 
ft  .  4  3  ft  IT  o 


rFPSTF  ft 

P.  710 

.1  ft  h  A  N  S  F  * 

r  PS  » 

pt  V®  *  F  5 

1  .  447 

ft.l  tr  v»tfS 

0  F<  t  Sift® 

«"ft1  i-SMlT** 

tf F®STF  * 

1.  71 F 

IftM AN3f ft 

P  .7H1 

p  F  V  ®  1  F  5 

r  *7* 

1  ftftft  ft  3  ft  1  0  3  ■ 
■>;  rtrtft  r«fft'  !l>3?  * 


UlATf 

-■>7 
-1  3 


p  J  p  *  •' 

QcsrSTf’K 

«  I'lll  T-S**-!  3  ►* 
*FFST»f- 
JOH ANSF* 
n  F  V  B  J  F  S 
. nj  pf  vBt  fS 
arSf  StM* 

« i •  4i  T  |  t  T  k 

*FB$Tf  * 
,|ftM  AN<F  *• 
M  V® »  f  f 
,  ft4  M  >»®tF5 
UFStS™* 
Kl'N t  j -3M  ?  T* 

(TFOSTF* 

.JAM  AN3F* 

pf  v»tfS 
i-OJ  pf  V«?fS 
»•  FM  STft»* 
AllA'f  T" 

r  F  P  ST  f  ft 
jflaimf f 
ft  F  V  P  1  F  * 
,  ft  J  n  F  V  ®  1  ♦  ® 
PF<|Str® 


1  3  4  7 
*  A41 
?.17* 


34? 
3«H 
.  301 


RO  7 
4?7 
ftft? 


nSi 

13? 


.77 

-?ft 

-n 


F  n  pA  a  ’  ft  •#  A 
7.374 


ft l f  » i rv 
m r  r«" 
S*M  TV 
r.  F  M  A  tg  T 
WAV  OfV'Vr* 

r.  r  ftM  yn> 
«l C*t  rv 
mt  n  t 
1^1  V** 

wam  «r»AVe« 

r,FftM  -,f  i 1 

M  J  f  IT  1  F  v 

nr  r.  1 1 

^V|TU 

r,F“»w* 

w  A  » 

fiFft**  “FA*' 
m  i  r  v  i  f  v 
m  r  r.A'- 
Ik-JTU 
r,  f  *•  a  »>  v 
w  A  •■  Bft*  'fr  *' 
f.FO**  “FA* 


MUr„ 
ft  ftOft 


ft  ftJft 


Table  B25 


v  o'-t*  FT  S»ll  6  il.<*TMBATFr  ft  r?f 
TYPf  Of  S  lti  fLi>v  n  s  t  •  i  a  a  i  |«»  sAti-laT,  n  fon7f»' 

A  HO  *  -7®  Ti»»p  ■  •  S  0 1>  •  b  m  t  .  0  00  p  l  ■  *  1  .  0 O0  p  ■  ,  p*  ■ 
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SAMp^fc 


SAMPLE 


sample 


Sample 


sample 


moisture 

cnNTsrii 


2.40 


4,60 


DRY 

DfcS!MI 


0,924 


t.UB 


i  .ue 


1  ,278 


ME A&UREU 
0.  1<0 


METHUO  A 

*Eb$t&n 


0,18V 


ue  vrus 

ADJ  0C  VRIES 
HfSlbTQR 
kumJI-SmITv* 

KERiTtN 
JOhAnSE* 
UE  VRIES 

w  «,««* 
kunU-SmTTm 

jss:sas 

a o j  uf  vJill 
RCstSTCjR 

KUNil-SMiTM 

*EBSUN 
JOhANSEN 
VHJE5 


COMPUTED 

0.112 
0,2(4 
0 ,400 


0.219 


A  0  J 

KU*li 


0.112 
0,196 
0,  360 


0.160 

0.2*9 

4,077 


PE  VHjtS  4 

Sfs?stfeS  -* 

nll-SM.ITM  -* 


A  0  J 

VUHli-SM.lt 

VERoTEN 
JOmanSCn 
UE  VRIES 
VRIES 

si  KB 


0.160 
4,470 
93 


8:51? 

0.886 


DEVIATION 

‘""Stf!! 

00.3 

242.8 


-20.0 

<1,8 

102,6 


-15.1 

53.* 

205,3 


-15.1 

43.1 

100,8 


*4?!9 

?&3 . 7 


meThDU  a 

MKKLf  Y 
mc  &  a  4 
SMITM 
GEM  AN  T 
VAN  ROOYE* 
GtOM,  mean 

mc  ui* 
$MlT« 
GfcMANl 
VAN  R U 0 Y F  "i 
GEO*.  “t  A  N 

hICvlEi 
*»C  \>** 
SMlTn 
GEM An r 
VAN  °0C  Y E  N 
GtOM.  mekh 

MTLYLEY 

MC  Gii* 

5m1Yh 
GE'-'AnT 
VAN  RQOYf^ 
GtOM,  mean 


LO^PuTEfl 

0.808 


MICVLEY 

MC  Ca* 

dill 

*00  VF 


MC 

“"iTH 

AnT 

VAN  ROOYFN 
GtOM,  mean 


DEVIATION 

w«3:j 


0.084 

1  .080 


0,130 
1  ,  P  7  6 


0,126 

1,276 


0,180 


-38,1 

011,2 


*39.9 


471.9 


46V.  4 


-3J.  3 
443.0 

'-?J*< 


PU»,  Nt 

SAT.  U*C 

P.659  - - 

P.037  4,004 

0.859  - 

0,03<  ♦  0,022 

O, 587  ------ 

P. P02  4,404 

0,587  . 

0,048  T  0,028 

0,528 

0.063  4,400 
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SAMPLE  2,40  1.278 


SAMPLE  0.6®  1.272 


sample  6,e® 


SAMPLE  0.90 


SAMPLE  6.90 


SAMPLE  U4J0 


SAMPLE  12,30 


SAMPLE  12.20 


SAMPLE  U.20 


Sample  12.40 


SAMPLE  17.90 


SAMPLE  17.00 


SAMPLE  17,00 


SAMPLt  17,00 


1.27? 


1.422 


1  .422 


1 ,203 


1,283 


1.443 


)  .  443 


i.eis 


SAMPLE  12,40  1.616 


SAMPLE  17,60  1,286 


SAMP.-.  17,00  1.206 


1.438 


1.438 


1.634 


1.634 


Table  B30  (cont’d). 


0.230 


2,420 


4.522 


0,022 


0,632 


0 , 0  3< 


0.870 


O.07« 


1,201 


1,201 


0.933 


0.93J 


1.270 


1.270 


1.096 


1.090 


jSIKH!  i:i\t 

Of  VMIES  0.614 

aOJ  OE  vM its  ------ 

-ESIS709  . 

KUMU— SMlfM  ------ 

*t9$TfcM  0.4j*j 

wOnANStN  0.e99 

Of  V-Its  1.317 

inj  of  vries  ------ 

neb!0TuO  ------ 

muMII-SmITm  ------ 

K£BOUM  0.430 

JOHANSEN  0,024 

OE  vRItS  0,792 

ADJ  OE  VMIES 

MEsi&tOR 

KUNU-SMtTM  ------ 

KE»$rfcN  0.064 

J  Qh A  n$  t  N  0.922 

Of  VMlES  1.094 

AOJ  DE  VRItS  . 

MEblO^O0  ------ 

KUMIl-AMl TM  ------ 

KfcPOUN  0,064 

oO«anS£M  o.02o 

OE  VMIES  0,980 

AOJ  DE  VMJES  ------ 

KEbISTufi  ------ 

MuMIJ-SMITm  ------ 

KfcObTtN  0 , 7  4  j 

JOhANSE*  1,187 

UE  V m I  S  1,003 

AOJ  DE  vKIfcS  ------ 

HEbTSTQR  ------ 

<gNii-SMiTH  ------ 

K£B$TtN  0,74  J 

JOhANSE*  1.070 

DC  VMIES  0,988 

*0J  :::::: 

KUNU*SMITM  ------ 

KERSTEN  0,926 

J  DmA  **5t  M  1,034 

DE  vftlfcS  2*260 

AOJ  Of  vMILS  - 

ME3ISTU*  . 

<UM1I*SM!TM  — — — 

<tRSTEN  0,920 

mm  i:in 

*0J  SEsJSfEI  :::::: 

<uv{r-SMrr*  — — 

M£»bTfcV  1.214 

JGwANStN  2,070 

Of  VMIES  2.829 

AOJ  OE  v«It5  . 

MESTSTOR  ------ 

KUMII.SMITM  ------ 

KERSTEM  1.214 

JOhAnSE*  1.077 

OE  VMIES  1.71V 

*°J  g£ ,«W  :::::: 

KUNIT-SMITM  ------ 

K£B9TtM  1,031 

JOmAnSEM  1,037 

OE  VRItS  2,185 

AOJ  OC  V«IES  ------ 

MfSlSTOP  ------ 

KUNJI-SMITM  ------ 

K£Q$TfcN  1,031 

JOmAnSEn  1,48} 

DE  VRIES  1.210 

AOJ  OE  VRIES  . 

.uNffiJMtf 

«E0STtM  1,277 

JOHANSEN  2,131 

UE  VRIES  2.687 

AOJ  OE  VRIES  . 

MfSIStyP  ------ 

KUMII-SMITM  ------ 

KEBST£n  1.277 

JOHANSEN  1,931 

DE  VRIES  1.914 

ADJ  Of  VRIES  ------ 

RESISTOR  ------ 

MUNII-SMITM  ------ 

KERSTEN  1,681 

JOHANSEN  2.984 

DE  VHIES  3.354 

AOJ  UE  VRIES  . 

Ht ST  S; w®  — — — 

KUNII-SMITM  ------ 

K£PST|m  1.681 

JOHANSEN  2,686 

UC  VMIES  2.40* 

AOJ  OE  VMItS  ------ 

RESISTOR  - - 

KUNII-SMITM  ------ 


•10.7 
42.6 
l  6  1  ,  J 


2,4 

06.6 

213.9 


2.4 

4«  ,  6 
08,7 


8,0 

76,6 

224,6 


8,0 

08,2 

09,3 


*7.6 

07,9 

106,5 


17.6 

69.6 
66.4 


6.3 

76,6 

169)9 


1  #  1 
7  3,® 
106.5 


1  .  » 
66.3 
4?,4 


1P.5 

75)5 

134.2 


10.5 

58.9 

29.7 


0.1 

67.0 

110.8 


•0.9 

74.8 

97.8 


-0.V 

68,4 

42,® 


*lC*yE* 
Nt  5  A  * 

SMITH 
Ot**ANl 
VAN  POPfEfy 
GEO*.  MtAN 

mickle 

»C  t»An 
5m17m 

gE*ant 

VAN  PjPYEN 
GEOM,  MLAN 

mickle y 
mC  0  A  * 

S**ITn 
Gt*AN  l 
VAN  PJOYEN 
GtOM,  N£li\ 

M  2  C  K  L  F  7 
ML  «A* 
SmJTh 
GEnanT 
VAN  POOYEN 
GEOM,  m£an 

MC*uE* 
“C  Da- 

a-1 

GtMANT 
VAN  POP  •  r N 
GtOH,  MUAN 

NIt*<UEY 
ML  Gam 
SMITH 
G  fc  M  A  N  T 
VAN  ROOYEN 
GEOM.  MEAN 

mH^LF* 

mC  G  A  * 
SMITH 
G£m AN  1 
VAN  BOOYEN 

GtOM,  MEAN 

mickle* 

mC  GAN 
SMITH 
GfcMANT 
van  POP  TEN 
GtO",  mean 

HKKLE* 

MC  (,4* 
SMITH 
GEmamT 
VAN  RUOYEN 
Gt OM.  mean 

hICklET 
mC  Gan 
Smith 
gemamI 
VAN  PQOTEN 
GEOm.  mean 

MICKUFY 
ML  DAN 
SMITH 
GE“AnT 

van  PuorfN 
GtOM.  MtAN 

mILklFY 
mc  Gah 

SMI*H 
GEMANl 
VAN  BJOYEN 
GEOM.  MEAN 

MlCKyf Y 

MC  UA>» 
SMITH 
GEmAnT 
VAN  RDOYEN 
GEOM.  MEAN 

mic*lfy 

MC  GAH 
SMITH 
GEMANl 
VAN  BOOYEN 
GEOM.  m£an 

mICklEY 
m?  gah 
Smith 
GEmanT 
VAN  ROOYfN 
GEOM,  MLAN 

MICKLE* 

MC  GAM 

Smith 
GfMANl 
van  P 0 0 Y € N 
GtOM,  m£an 

muklE* 

GEmanT 
VAN  PUOYEN 
GtOM,  M£  A  N 


1  .270 


0.176 

1.392 


0.3OS 
1  ,300 

0.294 

1.6^7 


0.416 

1.624 

0,4^1 

1.896 


0.5J0 

1,501 

"STsIS 

1,899 


0,644 

2.308 

*0*794 

2,208 


0.700 

1.795 


8.693 
V  .780 


440,6 

*26,0 
2M  .7 


-20.7 

230.9 


-30.0 

2l3.o 


•24.6 

211.0 


-2J.2 

152.5 

-10,1 

150.4 


-10.4 

110.4 

116.0 


-25,9 

92.2 


-33.9 

90.5 


-36.4 

92.4 


-25.7 

00.8 


-20.7 

70.0 


-34,1 

65.1 


0.526 
0.058  ♦ 


/  .  5  3  ! 

0.172 


7.631 
0.  16? 


0.475 

0.225 


0.4/5 

0.214 


0,527 

0,327 


0.527 

0.316 


0.467 

3.411 


0,407 

0.39Q 


0.404 

0.541 


0, 4^4 

0.528 


0.525 

0,4/0 


-33.3 

60.5 


0 .409 

''195 


0,409 

0.583 


•39.6 
8  3.3 


0,397 

0.706 


-44.3 


4,000 


4.004 


0,464 


4,460 


4,000 


4,464 


4.000 


3,060 
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Table  B30  (cool’d). 


SAMKtt 


SA-Bl  t 


SA*HLt 


SAHPJ.C 


SAMPLE 


SAMMlt 


SAMPtt 


rvpf  t 

. 

*  *•  ■ 

S*  -H'l' 
SA-^f  (.* 


SA«Pf 


SahH* 


SAMPLE 


2a.wfl  1.277 


?3.W0  1.277 


23. J0  1,05 


2b.  30  1,05 


24,70  1  *5i  7 


24, /e  l.M* 


2V.70  r  1.444 


29,70  1.446 


37. 40  1.273 


37,30  1,273 


1.201  KtRSTfc*  1.412 

JOniNSkN  2.221 

UE  VMlfcS  2,612 
aDJ  uE  vwlES  ...... 

RESISTOR  - — 

KuNU-S«rtH  ------ 

1.201  KEBSTtN  1.412 

jOhANSE*  4.417 

UE  VHlt*  l.MJ 
AOJ  Of  Vrt?£S  ------ 

WES!6^0B  ------ 

KUMI-5H1TH  ...... 

1.390  Kt»STt^  1.750 

JOHANSEN  2.031 

OE  vrtlES  3.193 
AOJ  JE  VHlfS  ------ 

5Esro*5» 

KUAjil. SMITH  ------ 

1.390  K^RSTE*  1.730 

JOhANS£N  2.663 

JE  VklES  2.333 
AOJ  uE  v«IES  ------ 

HE5TSTC®  ------ 

KUNII-SMIT"  ------ 

1.84*  K£B5TE^  1,007 

JOmANSE*-  3.289 

UE  VRIES  3,459 
AOJ  WE  VRIES  ------ 

RESISTOR  ------ 

KuHIJ-SmITH  ------ 

1.849  KgBSTt^  1.907 

J0mAN5£N  *.968 

UE  V«I?5  2.7«8 

AOJ  UE  VRIES  ------ 

RESISTOR  ------ 

KUNil-SMlTH  ------ 

1.906  KtBSTfc^  2.033 

JOhANSEN  3.456 

y E  vRIt?  3.320 
AOJ  pg  VRIES  ------ 

RESISTOR  ------ 

KoNII-ShITh  ------ 

1.90a  «ERSTEN  2,061 
JOHANSEN  3.157 

OE  VRIE5  3.131 
AOJ  OE  VRItg  ------ 

REsTSTuR  - --- 

KUNil-SHTTM  ------ 

1.040  KEBSTfcN  2.056 

»0J  UE  vrtf ts  ...... 

.Jmsjy!  :::::: 

‘•44#  pit 

ADJ  lUiihl  :::::: 

RuNII-SMITH  ------ 


17.6 

4a  9 
117,5 


17,6 

67.9 

32*6 


9.7 

63.6 

100.1 


9.7 

66.8 

46,1 


3.2 

77,9 

67,1 


3,2 
61,6 
60. 8 


7.6 

81,1 

8S.0 


63.5 

64,1 


6.7 

65.1 

6919 


50^3 

44,5 


MICKLEY 
nr  Cam 

SHlTM 
GEMANT 
VAN  RQQYEN 
GtOM,  MEAN 

MICKLEY 
GAa 


2,092 


74.2 


MC  GAM 
SMITH 

GEmInI 


0,793 

2.074 


VAN  ROOYEN 
GEOM.  MEAN 

M I  CM  UE  T 

MC  GAM 
SMITH 
GEMAM 
VAN  RQOYEN 
GEOM.  MEAN 

MICKLEY 

"5.1*5 

gemant 
VAN  ROOYEN 
GEOM,  m£ a N 

MJCMUEY 

mc  y A  m 
smIth 
GEMANl 
VAN  ROOTEN 
GEOM,  MtAN 

MICKLEY 
Mr  GA* 
SMITH 

GEmanT 
VAN  ROOYEN 
GEOM,  mean 

MICKLEY 
Mr  Gam 
SMITH 
GEMANT 
van  ROOYEN 
GEOM,  MEAN 

MICKLFY 
MC  GAM 
SMITH 
GEMANl 
VAN  ROOYEN 
GEOM,  MEAN 

MICKLEY 
MC  GAM 
SMITH 
GEMANT 
VAN  RQOYEN 
GEOM,  MEAN 

MICKLEY 
MC  GAN 
Smith 
GEMANT 
VAN  POOTEN 
GEOM.  MEAN 


0,790 

2,672 


0,967 

2,64? 


0.963 

3.037 


1.099 

2.991 


1.094 

3,462 


1.037 

3,030 


0,831 

2,965 


-34.0 

72,6 


*34.2 

67.4 


-38.2 

69.5 


-38.4 

64.3 


-40.5 

61.6 


-40,8 

81.5 


0,529  ------ 

0,658  0,400 

0,529  ------ 

0,648  0,060 

0.470  ------ 

0.841  0,000 

0,470  ------ 

0,830  0,060 

0,440  ------ 

0.926  0,000 

0,440  ------ 

0.915  0.060 

0.467  ------ 

1.000  0.000 


-45.6 

35,5 


-57.3 

52.2 


0.406 
0,993  0.060 


0,530  ------ 

0.977  0,000 


0.530  . 

0,966  0.060 


0.631 


-57.4 


Table  B31. 

A*-plHt<4V  3  1  *.  T  t«'AM  HNSATl'RATEOMFpnjfc* 


M.  *V  NAT"VAI 


,  •»«  f  »  Iff 


iK 


SATI'RATFIi  F*07fN 

M  »  0-nn5  Cl 

KM  .  0,24O  *u 


n .1 36  CSOLJOS  . 
2.660  C$<Uf0$? 


3.3*9 


0.046 


nry 


1  .  344 


1  ,  UL6 


1 .  W 


AbUHFO 

0,143 


•■PTmOO  K  COwPL'TEO 


rFRSTF* 
inHANSfN 
OF  VRIES 
AOJ  OF  VRifS 
RESISTOR 
«I»N  f  f-SMJ  TN 

f ERSTf N 
J0M4NSEN 
Op  VRIES 
ADJ  OF  VRIES 

KKRSTfN 

irtm 

AOJ  OF  VB1FS 
RESISTOR 
Ri*N  1  f  — S  m  I  T  m 
KFRSTF* 
JOHANSEN 
OF  VRltS 

,oJ  iMini 

tUNf !**MtTH 

rERJTfN 
JOMANSf 3 
OE  VRJiS 


AOJ 
AUNli 


RfsjsfSR 

I I«|MITM 


4.T51 
0.231 
0. 3H7 


OEvi  ATjow 
(PF^CRRyJ 

«2’o 

170.9 


0.  *1* 
0.355 
0.407 


4.607 


mEthOO  v 
MiniEv 
MC  8 AN 
SMITH 
OIMAMT 
VAN  ROOVfk' 
6E0M.  -FA* 


0.199 

4.773 

'ill 

MfCKlf V 
Mf  RAN 

4,464 

166.1 

SMITH 

------ 

VAN  ROOVtN 
GEOM.  MEAN 

4,230 

8;3S 

73.2 
36 .1 

145.3 

mm 

GEmant 

75. 0 
31 . 6 
136.3 


C0NPHTFB 

0.374 


0.602 


VAN  A 40V f A 
6F0M.  MFA* 
M|CRI-0V 

MC  6  At' 
SMITH 

...  1K«?I 

«|0M.  M  p  A  k 

M 1 C  R  l  f  V 
MC  RAN 
SMITH 

v,.  ISSJJI 

•EOM.  MEAN 


Of  V  j  A  T I  On 


0.632 


0.724 


2Sfl .  A 


240.2 


POR. 

bu? 


0.464 

0.048 


0.475 

0.066 


:U1 


RC 

0.000 


0.000 
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Table  B31  (eont’d). 


S*  -k  L. 

.. 

1  S*iC 

9,524 

RFRSTf * 

0  685 

ip.  1 

M|CKIFV 

0  8*1 

JOHAN** N 

0‘.T3S 

.» 

MC  OAu 

"€  V»1F5 

ADJ  Of  VBtfS 

1.102 

109.4 

S*I  TH 

*  * 

* 

• 

s#  -n* 

1  4  - 

1,410 

V  <M7 

if  FRSTf  « 

1.1J4 
i  :?s* 

75.3 

1  .O’* 

.•OMAMSf  n 

U.? 

*»t  9  Air 

OF  V«lf6 

1.486 

18.6 

$*!  T* 

«F«STf» 

m  • 

V»4  ROOVfiii 
6f0“.  MMk 

MICKI.IV 

_  ”  • 

S- 

1  ,**41 

1  ,u*7 

1  171 

>6  1 

1.756 

iOHAMjf h 

i ;  454 

l!  7 

MC  A  At 

8!  Will 

1  .  A60 

13? 

SMITH 

" 

0?  M  *  W  T 

• 

S*-K‘ 

1 

3.  *73 

i  ,S2f 

If  F  R  S  T  t  n 

1  »95 

74  ? 

“I P* 1 fV 

1.702 

mhrnse* 

i  :«oi 

74i  7 

hC  r,ii> 

OF  V  R  J  F  1» 

1.097 

3U.9 

SMITH 
6FMANT 
VAN  »OOVF4> 
GFO*.  opA N 

resists* 

S i*tPf  > 

<  ?  5 ' 

1,4M 

1  Jflt- 

if  FrSTF* 

i  635 

?r .  1 

MJPKLf V 

1.443 

inn  ah^f  * 

1  ‘.730 

U.1 

MC  8 At' 

Of  VR  f  F  5 

1  >43 

43.1 

Smith 

S  A  •  ►  l 

r>  i  - 

1  47.-, 

1  5  5° 

*  FRS  T  f  * 

1  *6? 

7’  .  * 

MJCKI EV 

1.730 

JOHAME* 

1  >70 

?*.1 

MC  «At» 

*E  VR1F5 
AVJ  Of  VR|f5 

7.024 

71  .3 

SMITH 

6IMANT 

K  "f  1  1-3*1  TH 

r.Fn**,  **F44 

67.3 


i  r .  i 


n.i 


11  .* 


i?.? 


if/ 


0.423  . 

0.265  6. (100 


o'.iU  “ST  Son 


o.iit  ...... 

0.642  0.000 


8:15? 


0.462 

0.78$ 


0>19  . 

0.911  0.000 


Table  B32. 


«m<;TFM  <«*(JW  (.TAM  I.NS4T»'»4TF0  fpf>zt* 


rvPf  *•  S'  1 1  i  rL;v  vatmpa,  j*S*TuraTfii  frozen 


RHll  , 

TF- 

Pm  »4.</ft:  **  ■ 

«  2. 7*0  *w  « 

11. V  1  Cl.  « 

0.1*5  ( 

:s<U!D$  «  t 

4.14*  4LRH* 

5 . 2  ?7 

-  KA  m  0. 

,046 

*l-‘  « 

<?.5«r  *10 

8.2^0  KO  • 

J.OHO  1 

:solids?  a 

8  Ant L‘ 

•in  *»■•»* 

p?v  4  ».*A5i»R*-r 

•iFThoO  a 

roMPUTEn 

MFTnnP  r 

roMpl'TFO 

EOR. 

U'i*i» 

r'l*'  Ti  i  ▼ 

1  *1 

'MS)  TV 

1.403  t\247 

KFRSTFN 

JOHAMSSH 

ne  VRIES 

8-.m 

(PfRCFNtl 

M.) 

M I  C  K  L  F  V 

MC  0  40 

1.?*5 

8 EM AMT 

7FSIST0R 
*  U*  !  1-3*1  T  M 

VAN  ROOVtii 
OFOM.  MF  A  4 

SamPLi 

i.*n  v ,  >  1 0 

KFRSTEM 

0.445 

-14.3 

MICKLIV 

1.513 

191.4 

.•  0  H  6  N  $  E  * 

O.A01 

15.8 

Mf  AAV 

0.119 

Sam^lf 

>#7,. 

1.74J 

kfustin 

kW 

•U.jj 

M1CK1 |V 

1  .704 

lid.  * 

s-.m 

r*E  VRIES 
*0 j  oe  VRjis 

»F si  STOW 
KUmT-$M|TN 

130.7 

*7*731 

OFOm.  MF  An 

S***,l- 

1.714  1.13* 

fFKSTF* 

0.940 

.17.3 

MirriEv 

1.9?* 

89.3 

0.  j*» 

OF  VRf|S 

795 

RFSISTOR 
KUn! I-SMiTm 

Sampl< 

I.OoO  1,5i»7 

*f»STE" 

1. 343 

•HI 

M1CKLSV 

*.*»! 

Sf  ,1 

0.2*9 

0.4*9 

IE  VRffS 
AOJ  OE  VRIES 
RlSlstOR 
«uhM!**|m|Tm 

r  1 .0 

?  •  *1  4 

VAN  !SoJfI 

SAMPLE 

,  ?  0 

1.394  9tV«o 

KEKSTFN 

0.027 

•6.7 

MicKirv 

1.803 

87.9 

0,403 
0:  JO4 

JORAMJE" 
*E  VRlfS 

1  >77 

.44.3 

MJw«Av 

2.1  S7 

IFMANT 
VAN  ROOVfN 
AFOM.  Mf  A  »' 

A 0 J  OF  VRIES 

«i„??.w: 

SAiPL* 

1, 

1.714  it<!4n 

KFKSTE4 

JOHANSEN 

..j  81  v.ill 
RESISTOR 

KUNT I-Sm|Th 

1.744 
1.«12 
7, 66* 

.0.3 

MICKltV 

2.154 

73.7 

0.346 

S  M  |  T  H 
5EMART 

SA*H.f 

-  ,  411 

1  ,<M  4  1 , 3<l7 

*M5Tfi 

1  .454 
2:  31 3 
3.123 

9.7 
66. 0 

MfCRWV 

2.374 

70.* 

o.?5* 

OE  VRIES 

A 0 J  Of  VRlfS 
OFSISTOH 
K'JRM-SmITm 

MC  Ijl 

8E0M.  mean 

36**1* 

T  ,  Ai- 

2.070  <,513 

KMSTfl 

2.056 

*1  8 .  > 

•if kvsv 

3.  Ml 

1*.* 

0.246 

oe  VRlfS 
ADJ  OE  VRIES 
RESISTOR 
RUN! I-SmiTh 

74 . 4 

8IMANT 
VAN  ROOVH' 
AC<5“.  MEAN 

ut 

UUf 

'oToo* 


"oToo^i 


fl.OOO 


85 


Table  B32  (cont’d) 


fANPlF  H,?0 


|A*PLk  13.1l,  1,770 


SAMP^It  1>,7i,  1,V*p 


SAMPLE  1T.Pl-  1.5*9 


SA»H*  1*,1y  t  1.7A3 


1,570 


1 .  «*0 3 


^(.VX 


1  ,l?6«3 


*,3y3 


AERSTE* 

1  .  794 

-6.1 

“I  CKl  E v 

JQHANSE* 

?.rt4Z 

A*.  3 

rtf  V  #  I  f  S 

A  tf  J  n £  VRIES 
RESISTOR 
*04 I fejN/TH 

2.  A1  4 

*9  .  A 

KFRSTfN 

-10.3 

•  if  m  fv 

1  OM ANS  E 

a  a  .  n 

ftf  VRIES 
AOJ  rtf  VPffS 

Of  SI  STOW 

3.  *45 

Ad .  0 

f ;  F  0  M  .  Hfin 

kEHSTFN 

7.113 

•  IS. 3 

m jpr  LFV 

JOKANSE'- 

3. 42« 

32.1 

ft  E  VRIES 
AOJ  «E  VRIES 

3.311 

Al  .  P 

St*  1  tm 

tcEPSTE  R 

1.376 

•  15.T 

jorarse1* 

1* .  * 

n*  v«ies 

2.87b 

34.  ft 

RFSiSTOB 
*W<»  |-3MtTH 

------ 

v a n  Rnnvf»> 

K  E  R  S  T  E  * 

? .  ft  3* 

*1  4  0 

m  1  r  K 1  f  v 

J0« A*$f * 

3.  37? 

A  1  .  1 

**r  f  A' 

r»f  VRIES 
AyJ  rtf  VOJfS 

3. All 

A  2 . 7 

MINI 1-SMtTH 

f.FftM,  MFAA 

?.««>  1 


2. M2 


3.  *7n 


H  P  li. AM  ------ 

.....  n  .  5«m  a  .  m'i 


n.??6 

«.97<>  n. 


?3  o  0.4^7  ------ 

-----  p.TST  ft. "art 


t;  {,.RAt»  ------ 

...I.  1  . 1)  f  n  ft.ftnft 


Table  B33. 


USSR  BUILDING  CODF.  (I960)  CLAY  SOILS  UNSATURATED  FROZEN 


TVPE  OF 

R-O  ■ 

A  )  » 

sou,  ft*’  1  iS/.f  n  tfei  tii’.ci 

fSWVC.  O  *  * 

l:iSS  ESRUPSe"- 

Z.'rt:)  ;  4ph  %  * 

-  K.  4  ■  r  , 

.024 

Sa«he 

Sam^U 

io»stm*€ 

co-Ti;Su 

n° »  < 

»EAi  »-«E  j 
j.‘48S 

if  H  < 

<ERS3f  -| 

J  HA  ISSN 
IE  VUES 

*#j  tuim 

* J**l  1-tS  W™ 

fOl^oTl  - 

i»34a 

1  .  39  7 
•8.SS* 

n  F  V 1  A *  I wN 

1  t  m  0  :j  <  c  • 

♦'Ii-kLEv 

j  'RUl  f  b 

»,A'A 

tiFvuno*. 

£  P  E  8  C  E  ^  Tj 

PUR  , 

J.'Iu 

-•c 

J*C 

0 , 0  r  0 

•  ^ 

V,.,  S5:>E- 
QFOM ,  M  k  A • 

SmH£ 

A  n<j 

1  ,  1  O') 

.)/»  \1 

JiB* 

■'  .5*r> 

"«Hr, 

-04  5  H 

B1M8 

o.orio 

13J  IE  V  ?  t  E  S 
tesiRFiR 
<J'II!**  MTH 
<ERSte  1 

J  1  M  1 3  E  V 

Hsllll! 

<im-,  1 1  T  I 

;!S5|1JI3 

IE  'MIES 

HJ  18.015S 

f  M  A  Ji  ft 

V  A  ^  R"0  Y£ '. 

3A  <n£ 

1,2") 

1,89  > 

'  ,  i»s  A 

ftK.V 

070*1,  *IA* 

rt.-S^T 

U,  S64 

n  r  r  0 

Va\  R«nYf*. 

0 , 

* 

Sample 

8,  no 

1  ,  Srtft 

j;u« 

m 

>11:1 

•Vif-w 

.a.su 

diW 

0,  Oflf 

------ 

. 

JH.lE 

8  ,  ou 

1  ,  4n.» 

1 ;  >?3 

KERSYEV 

,»  Ml 

RCSrSPOR 

UERS^ev 

n  aa'isen 

if  VV1ES 

':u\m 

\  61 1 

ft  4  1 .'  3 

'Wi 

U.'7  37 

ft?8  ,  A 

0,*93 

------ 

0 

' 

VA\  R^i.^E*. 

SAMPLE 

8  (iu 

1  ,5«1 

1  %197 

1 

3  .  os^ 

r  ft  ft  -  -  * 

:1S;i 

GEO*',  »*cA’ 
m  I  f  a  4  f  v 

Mf  OA  J 

,i4»  IS 

.31  0 
----A- 

J.455 

01288 

*5*5SR 

ftl  I  ,  9 

&FmJ5T 

r _ r 

:?:::: 

J . 

ft  ft  - 

** 
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8,00 

1.8ft) 

l.ldj 
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AOJ  1|  VRUS 
ttSIfTO* 
AONU-S  11  T*3 
HERSYfV 

J 08 A  ISEN 

-  3i,i m 

<-H1 1**5  1 1  ▼  1 

if  VRIES 
MJ  If  VRIES 
1fS]3?)R 
<  J‘lll-5  ll^N 
ICfiRSTEN 

J  18 A  llE*l 

™  Wil 

trjvf  f*S'i|7n 

1  844 
?:?$> 

*  39.0 

«?:I 

MICA  LEV 

o.vnn 

0,418 

0,334 

0 ,  ono 

VAA  RrtQY  E  1 

«---•* 

SMPU 

18  %no 

1  ,i  no 

j  ;-\?i 

1  «?C 

>*BM 

fti  0 

ftl  *  2 

1  Zk6 

G  F  0  M  ,  MEAN 
m  1  r  A  L  E  V 

Mf  OA  J 

gISIk? 

V  A".  H8oY?'J 

0,/?4 

•  l7t0 

0.880 

0,360 

o.  mo 

--Aft-- 

ft  ft  * 

** 

JMHE 

1 ,2«J 

"H 

8tttl 

0. 0  ft  n 

van  RMOYE-, 

•—ft • • - 

IA1PU 

1*  no 

1,3ft) 

1  ,?5o 

1  A  0  7  >' 

-14,6 

GFQM,  *»EAv 
Mlf KIEV 

o,^y 

.:U»: 

3,3 

v»v  sisfe' 

GEO*.  «EAn 

0,  * 

-  ft  -  -  •» « 

Table  B33  (coni’ d) 
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S  1  ^lE 


s  \ 


S  WL? 


5  \  ’•’OE 


S\  Ml* 


Saa>»U 


JH#U 


S  W»|,6 


S'-ne 


Sa*H.£ 


5 '  *JIE 


S  '  *  ’U 


S»«*46 


$»**n£ 


1  H  .  flu  1  .  JS  I 


i  *,  ny  i  ■  *n  i 


1  R  ,  P  V  I/!') 


1  8  Ou  1  ,7  •'■  * 


1  R  0  y  •  1  .  7  *  •  > 


^Cy  1,1  'I 


2  7  ^  ny  1 , /A  1 


i>  trsu  1  ,  2 R  ) 


*7 ,Cy  1  ,  J5  I 
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fcO  . *y  1  , 1 R  1 


fcC^Ty  1 t 1 


*f\  CO  *  1  ,  2  V 


.°1  1 


.  «ii . 

n  MIES 

1  i  » 1 '  *  A  u 

ill-4  MM 
<  i i  s T  e  •» 

iiliii 

•MI'S  ‘  t  T  H 
<e4‘i,E  4 
J  1  «A  iSE  J 

- 

*  J\T1-S  MM 

.tfViifc 
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.3J  ■>£  votes 

■»?SI  -57  i, 

<  J  1  U  -  S  1  P  4 

<CAR7M 

n  <4  ise-i 

<  j  n  i ■»*»  '!▼>* 


m  *m 


2  ’■* ) 


,•*5  J 


1  o  7 


1  3 1  ' 

O* 


i  .<.•••  * 
* .  '•<.'■ 
•  ,o/‘ 


i  r-*7< 


V  3 
’<•  .  3 
*«,b 


*>.  S 

i..  S 

5.3 


*:? 


-  *«.;r 

M<  .5 


R-I7  • 

».s 

•j  r  o  ' ,  **  t  4  ‘ 

Mr  u  a 

i2.5*Jr 

it,-,  -ea 

Whi*- 

r.tvAfkT 
tff.*.  «Ty7E. 

G nM.  «n* 

‘I  r<t£M 

rr  ga  ■ 

<«i  r- 

w.  twr. 

GFCi4*  4*R*' 


,  i'-2 


MM  *?EV 

,..>  >1  JJIH 

is?!  >7  ir 

<  H?!-S  11  tN 

<*«:§- 
i  1  M  i  S  £  v 
>f  'Mies 

<  /111  *5  ’It** 

■*e  Mies 
ilj  -*f  /RfES 

<n?»MW 

<  E  9  S  t  f  < 

iSEn 

oj  n  util 

I  *  S  I  S  T 1 4 

uni*?  '■!*•* 


if 

"j  r  ••  ,i 

<  J  it  f  “  j  1  M 

<£r1»Cn 

innis 

icj  -*E  'MIES 
1£S  f  S»  >R 
4  J  I  !  t  »S  HM 
KEaSTfN 
ITM  -SES 

ie  -.Mies 

'  J 

It  J  4T  T -S’’ I  7*1 


131*' 

1  .  <MJ  * 

1  .b"» 


2 

*  t  A  k 


I  /5T 

*  ?7V< 


*  ??* 

^  .6*' 


?.0  2* 


«  7R< 

1*  7jv 

*,79' 


s;:» 

'  ,2 


«il' 


*^.6 

-R.3 


s:^ri 


7.3 

b.6 


V  4  S  RAijYg  ■ 
GPO'l.  s' t  A  ‘ 

■UC*WE* 

M>*  l*  A 
«*MIT  * 

VAN 

G  F  0  '* ,  MtA- 

m  I  r  <  l  E  v 
m  r  li  A  - 
Sy  l  T  •* 
-av* 

;n«i< 

•  Ir».LE- 
•1C  ’«»A 

S-UTj 
Gf-AN* 
VAN  RAk)Y£-. 


f,i  r*u.E*f 

r1»*  <JA  ■ 
V-*1T  * 

v.n  wr. 

fjfj*,  wt  A 
i/TalEV 

GFHANt 

V\S  R'10VE-- 
GF  01’ «  **kA  - 

*ru£'* 

■*r.  tj  a  i 

AMi  T  I 

VAN  6M*r. 

Gf  0M  ,  •*  t  A  N 


.1S9 


•  !3  6 

m  m  m  -  i  . 


<ERSY5y  ,  14 

1 1 r K U£^  2  nf;4 

-If  G A  i  ------ 

.5 ii.Z 

Cf  VMES  1 , 3  O  k 

-■•4,9 

<  M  J T  '  ------ 

y^B.raa- 

<£qS’F.,  1.21c 

-4.8 

mk<lev  iv.-y^i 

*26.5 

.1’ ,3 


<ErSTEo 

X n j  CE  ’/4TES 

i  ,d<>  A 

J:W 

1 . 6 
*i:< 

h  i  r  m,t  v 

GFMANt 

<J*MT-S  *  I  7  a 

kErs»em 

.MH4*lS£.U 
*>E  VRIES 

•*;,J 

<  l*<t  !-1  Mil 

<  e  r  s  j  e  i 
IOH  A-JtCN 

.w  ;i  jiih 

2  lit  * 

*S  4 
«5:5 
*4,R 

GTO'i ,  “f  A  i 
*•  1 7.  RLEv 
•If  UA  i 
*i^I  TM 

VAN  MBW 

------ 

2r1fci 

l:u; 

-u.3 

MJGAUEv 

nr  gai 
1*^1  T-* 

<J'l!  l-S  *  I  7  o 

Qf’r‘,  -^tA-. 

1  ^  s 


'HTn^n 

0  a'M  -s.-,- 

;'t>n2  0,r>n'‘ 

Oi«.SS  - -- 

0,647  0 . c  r  r 

C.416  ------ 

-)  i  7  S 1  0  •  *>  ft  C 

.5  3^2 

0 ,  e  7  4  n.'iflfl 

? I u ' H  “nTccc 


0,6  CO 

C,b43 


j|6?? 


O.CflC 


o ,  c  p  n 


3,bcv  ------ 

3,7: A  c  O.cnn 


S;5?3 


5.SSS 

D  ’  V  71 


o ,  cnc 


G , 6  C 0  ------ 

0,709  O.QOC 


0,b«2  . 

0.8*2  n.cnr 


0.5AA  ------ 

o,9?r  o.non 


3,545 
f  *  0  A  0 
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Table  B34 


PtVifc*  ulUA  '’L AT  y  FPLi/tX 


TlPt  uF 

MmC  s 


SuIlI  U*v  NATjBAL  SATuPATtl) 


*  .  /  •*,) 
8,5o3 


TfcMM  = 

ICl  = 


•t.ltli  M.  S 
?,?/«»  Ky  a  T 


P,80"  rt  * 

8,4.31*  «J  a  T 


),8o8  C  SOl  T  vS  a 
p.oop  Csntii>s2  = 


/  1  O  A I  HMA 


1  ,71« 
5.bi« 


--------  *  A  a 


0  ,824 


SA**Kl  t 
SA“Ml  L 


1 1  hf 

(.PnTlM 

oo.ot* 


Ok  Y 

otMbl T  v 

8,81*5 


Mt  A  S'  '*<F  U 

1  ,  3/0 


^  /  2  *} 
8 , 5  o  >*  i 


?F«P 
ICE  a 


*F  | HUn  x  ro*»HnTf  u 


•  3  ,  U  w  — 

2,?90  K«,  S  T 


*1  «bU*» 
jOrtANSt^ 

.  j't  VKltS 

AC- J  JF  VnIlS 
*ESTsT0W 
nuNi  I-SM  Th 

8,808  CL  * 

8,408  «u  :  t 


<r,3?3 
l  ,/?3 
1 ,764 

«;Io97 

2.1M 


Dt  v  1  A  T  1  J'« 
(PtKCtM) 
00,7 
9,9 
11.7 

3/. *3 


,808  CSOlTPS  8 
,808  CbPLll>S2  a 


Ittiro  A  LO^PuTtO  DF  v  I  A  T  1 PN 
(PE*CFNT1 
2,004  32 .7 


NICKLt  T 

*C  [>i» 

bHl  Tf 
f.t**AN  1 
VAN  »OPVt>* 
GLDm,  mLAN 

1,710  ALPHA 
.*,524 


2,004  32, 

........  K A  2 


PUP, 

SAT, 

8,699 

1 ,808 


nC 

o«C 


0,135 


S  A  HPL  t 
Sa**P(  t 


«iOiS  t  ;HF 

CTNTtM 

8  o  ,  0  8 


dm  y 

!>INSI  1  f 

0,816 


Ab'-Ktw* 

i./U 


2.700  lt«P  * 
8,500  *iCt  = 


-yy/s 


3A"M(.t  HPjSI  INF 

lDnTlN  t 

SA**Hl  t  HO  ,  »/  •* 


nr<  y 

»C.N3|  1  r 
0,  8l*» 


;f02 


It hP  a 

*lCt  = 


—  ?  2 
2. 42 


SA-8lt  -PISfl'Hl 
l  ('  %  H  m 

SAMH|  t  8 tl  ,  08 


nx  y 

DL‘-ST  l  * 
8,81b 


IF  (HyP  A  Ct/HHU  1FU 


*ErbTLN 
j(1hA  ‘.SL*- 
UF  VHTcS 
a n j  uF  v*TtS 
HtblaTuP 
KoM  I-SHJlH 


2,320 
1,823 
1 .  ode 

'2TIT3 

2. 160 


nt  V  i  A  I  1  yN 

(PEHCtM) 

47,5 


23,6 

26 , 0 


£,808  CbnuTUS^ 


**E  A  OUHF  U 
1 , 760 


*t  AbiJKf  0 

1 .020 


,808  CbOLTU52  a 
HfTHuD  A  CuHPuTfO 


JOHANSEN 
JF  vkIlS 
ADJ  Of  vxIES 
KtslbToB 

KuMT-SHlTh 


2, 3?0 
l  ,06b 
1,089 

*57Iv 

2.194 


1,808  C30L1U6 
2,8  - - 


,888  C30LUS2  a 
HfTHOfl  a  CU**P"f£U 


a  F  P  5  ^  L  b 
jOmAnSFn 
OF  VrfltS 
ADJ  OF  VHlbS 
HtSfStLP 
kuMT-SmJ  Th 


2,323 

1.970 

1,989 

-2:;To 

2,280 


Otvl A  I  I oA 
(Hf  HffcM) 
4  3,3 
6,1 
/  ,  3 


21  .4 
24,7 


OL  v  1  4  T  !  (jA 
CPFHCt^l  1 
30,6 
6,2 
O 

25,3 


“tTnnj 

hTCalFt 
mc  &A« 
Sh  1  T  m 
Gt  M A  N  1 
VAK  MGn  YF  IY 
lifcOM,  -LAN 

1  . 7  ?0  ALPHA 
2,324 


LOHPjTtD  DFVIATlDN 
(PtPLENT) 
2.898  22.7 


2,899 


22.7 


Pu«, 
SAT. 
8,70? 
1 ,808 


8,824 


LPHPuTtn 

2.122 


2,122 


ME  ThDu  a 

hILklF  » 
hl  kiln 
SMITH 
GL  m  A  N  1 

VAS  wontFN 
Ct  Oh  ,  *»t  A  is 

1,/bo  Al  PhA 
5,324 


Ht  TrtPu  A  lOhPlTE  D 

hICalET  2,198 
MC  GAm  ------ 

SMITH  . 

GtMANT  ------ 

VAN  RuOYFN  ------ 

GcOH,  Mf  a iy  2,199 


DEVIATION 
(Pt»Cf NTJ 
20,6 


Puti  , 
SAT. 
0,7fl3 
1,000 


?,824 


OFy/ATJon 

(PEPCFNT) 

20.0 


20.8 


PuP, 
SAT 
0,704 
1 ,008 


NC 

3t»L 


0,100 


0,090 


NC 

"o*073 


TYPt  OF  SO  I L I  CLAV  NATURAL  SATyBATtO 

P«C  «  2.750  TEhP  a 

K»  a  0,300  <lCt  = 


Table  B35. 

PtNNtH  OUuBuBYSiLTY  CoAy  SA  ToH A  Tfy  FRQZtN 
FH07FN 


0.000  0  a 
2,200  Ku  a 


Sample  mqiSTUhF 

tONTtNT 

SAMMLt  29,00 


DKY 

DENbITv 

1.520 


2.70o  TEMP  * 
0,300  * iCL  * 


Sample  mdistume 

CONTENT 

SAMPLE  29,00 


ot??i55 


ME  A  SuBEw 
1 , 55o 


MEASuMEG 

2,130 


ADJ 

MEsistO* 

KUN1I*SMITM 


2,022 

2,048 


23.1 

19,6 


2.700 
0,500  • 


TEMP  a 

Ice  = 


•3,000  9 
2,290  X  U 


Sample  moistuhe 
Sample  L°NJ9?o0 


OHY 

ENS  " 

1  , 


DtWll 


i;So§  8 b8t f KS2 "* 

COMPUTED  DEVIATION 
(PENDENT) 

-0,  I 


2.70o  TEMP  a  *10.000  U  ■ 
0,300  K 1 CE  a  2,390  Xy  s 


Sample  moistuke 

CONTENT 

Sample  29, 00 


DHY 

DENSITY 

1  .520 


VAN  RQOYEN 
CEOM,  m£ a  N 

2,950  ALPHA 
2,524 


22.3 


0.024 


method  x 
mjcklEy 

Ml  GAh 
SmITh 
CEMANT 
VAN  BOOTEN 
CEOM,  m E*N 


computed 

2.617 


deviation 

(P6BCEJTJ 


2.617 


17.9 


MEASuREu 

2.340 


METMUO 

UE  vftit 
AO J  UE  VBIE 

.u-nsiK? 


METHOD  x  COMPUTED  DJVJATI^N 

XLET  2,043  (  Cl2.i 

San  ------  ------ 

:i»  ::::::  :::::: 

OYEN  ------  ------ 

MEAN  2,043  12.9 


MIC 

Mr 

C| 

VAN  BO 
CEOM, 


BUB, 

1,000 


BOB, 

ir.h 

1 .000 


3,000  CL  = 
8.430  xO  a 

1,000  CSOLIUS  • 
2,000  C  SOL  I U32  a 

2,930  ALPHA 
^,524 

a 

-  KA  a  0 

024 

METHOD  x 

COMPUTED  DEVIATION 
(PERCENT) 

METHOD  x 

computed 

TSHJKH 

BOB, 

SAT, 

0.441 

1,000 

NC 

UMC 

uOhanSEN 
UE  VKIES 
ADJ  UE  VNItS 
HESI5TUR 
XUNI I-SMITH 

U414  *e;8 

1.499  -3,3 

l\M 

CEmInT 

0,440 

2.529  o9,6 

2,059  05,1 

CEOm. 'mean 

2,013 

68.6 

0,000  CL  * 
8,430  xo  * 

i:l S?  £!%}&'. 

2.940  ALPHA 
2.524 

a 

-  KA  a  0 

024 

METHOD  x 

X£fiSTEN 
JOhanSEN 
UE  VNIES 

COMPUTED  DEVIATION 
(PERCENT) 
2.218  4.1 

2,098  -{, 5 

2.138  0.4 

METHOD  x 

MICXLEY 
MC  C*x 

SMITH 

COMPUTED 

2.606 

DEVIATION 

(PERC^NTJ 

BOB, 

S‘Ii7 

1,000 

NC 

UMC 

0.155 

NC 

UwC 


0.C90 


0,090 
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Table  B35  (con(’d), 


•WIM8SV  :  t  8:211  Sb  J  t  i:SSS  tt8fcW!A 


S*«PLi 

Sample 


gK«W* 

29,00 


ORV 

°£?!W 


MEASu«EU 

2.384 


METHOD 


*t#STtN 
JOnANSEN 
JP  vMItS 

5!  vHtts 

h!s!ST5r 

KyNlI-SMlTH 


A  0  J 


COMPUTED 

4,41b 

2.403 

2.424 

DEVIATION 

tPEMCLNT) 

-6.8 

l.» 

“EThdu  a  lOmPuT£o 

M!C*»lET  2,699 

u A n  . 

V'JtW 

13,4 

PuR. 

SAT. 

0,4?3 

1.000 

NC 

-t«c 

0.000 

5:211 

is. 9 
11.2 

van  POP r E *  ------ 

Gt  Oh,  ml  A  n  2.699 

13.4 

Table  B36. 

PENNt*  tT  AL  SOU  7  SATuQAUD  FROZE* 


TfP£  o f  SOU  I  CLAy  WATuPAw  SATuBATtO 

BHO  •  2.700  TEMP  ■  -6.000  w  •  T 

*»  s  0,360  K [CL  •  2.2*0  Hu  s  t 


FROZEN 

0.06}  CL  •  t  1.000  CSOLIUS  • 
8.430  «0  *  t  2.000  cSOL T052  = 


3.000  ALpM*  *  ---« 
§.524 


«...  K  A  3 


Sample  "0ISTURE 

■■-liri- 


SAMPU- 


CON 


Sample 


Dry 

0£N51  T» 

t  1.9J4 


13,30  t  \,9\7 


MtAiuBCU 

2.681 


2,681 


MCfMUO  H  CU MPUTEO 


xtBSH* 
JOmAnSEs 
OE  vhICS 
AO  J  OE  vkJES 


*0*1 

KEPSt^N 

JOHANSEN 

-  .. 

AOJ  01  V«l£s 

KuN 


0,160 
2. *22 
2.449 

2:77? 


Dt  VlMJuN 

“""SHIl 

-6.2 


8,3 

7.8 


mIC*lEY 
»C  UA* 
SMITH 

GEmanT 

V4N 

GfcOM,  MEAN 


lOmPu^EO 

2,7o7 


2,706 


DFvJatjp.n 

CPEPCENT) 

0.0 


2,097 

•18,8 

mIcklEi 

2,7b2 

7 ,  b 

2,783 

7,8 

**c  U  A  ^ 

2,789 

8,1 

»:it7 

2.Z96 

8.3 

VAN  POOYE'n 

4126V 

7.3 

GtQH.  MEAN 

2.703 

7.0 

SAT. 

0,272 

1.000 


0.278 

1  .000 


w*C 

0*100 


0.000 


Table  B37. 


SLUS ARCH UK- WATSON  UNDISTURBED  PERMAFROST 


T»»E  OF  SOU! 
PRO 


CLAY  NATURAL  SATURATED  FROZEN 


2.730  TEMP  »  -6.000  U  * 

0 ,§70  k iCE  »  2,340  KO  *  t 


sample  MOISTURE 
CONTENT 

SAMPLE  38,90 


SAMPLE 


OHY 

06rfiiT? 


1,201 


0,000  Cl  * 

8,430  YU  =  T 


MEASURED 

2.120 


2.230 


2,000 

METHOD  «  COMPUTED 


0,360  CSOLluS 
- CS0Lf~  ‘ 


K£PSTen 

JOhanSen 

OE  VRIES 
AOJ  OE  VRIES 

kunJi5}mi?h 

KfcRSTEN 

JOhANSEN 

ue  vries 

*oj  8i.mli 

RUNII-SMITH 


2,149 

2.134 

2.15b 

’SllSb 

2.188 

2.144 

2,15b 

2,160 

*27182 

2.193 


052  = 

OtViATlQN 

(PERCENT) 

l*j 

"'1:1 

-2.9 

:l:i 


2.000  ALPHA 

4,646 


meThOO  *  COMPoTEO 

M IC R LE  T  2,164 

*C  Gam  ------ 

Smith  ------ 

ftEMANT  ------ 

VAN  PQOYEN  ------ 

GEOM,  MEAN  2,154 

MlCKLCY  2,158 
NC  UA«  ------ 

SMITH  ------ 

GEMANl  ------ 

VAN  POOTCN  ------ 

GEOM,  MEAN  2,156 


DEVIATION 

(PERCENT^ 


1.9 

-3,2 


-3,2 


POP, 

SAT, 

0.530 

1,000 


0,543 

1  .000 


NC 

u*C 


0,000 


0,000 


Table  B38. 


USSR  BUILDING  CODE  (1960)  CLAY  SOILS  SATURATED  FROZEN 

TTPg  OF  Suit  I  CLAY  NATURAL  SaTUR ATfcD 

*  TEMP  ■  -4.000  0  ■ 

ICE  •  2,2*0  «0  »  T 

COMPUTED 


RMO 
KN  ■ 


2.750 
0 , 560 


Klee 


FROZEN 

c 


0,000 

8*430 


b : 


1.000  CSOLIDS  » 
2,000  CS0LI0S2 


sample  m< 
•ample  C 


sample 


m 


DRV 


K  MEASuREO 

2,790 


METHOD 

KtMTt 


4°J  g, 

KUNI 


40, 0S  t  1,242 


2.360 


KfeRST 
JOmAN“ 
of  VR 

AOJ  DC  VR.-, 


2,012 

i:SH 

3:|» 

2.149 

1:111 


:il:5 

*iS:f 

*9,0 

'"1:1 


2.000  ALPHA  «  --------  *  A  ■  0 

§.524 

METHOD  a  COMPUTED  DEVIATION 
„  {PERCENT) 
MICKLE*  2,092  -25.0 

"i-fTS  :::::: 

GE«anT  ......  ...... 

V4N  POOYEN  ......  ...... 

GEOM,  MEAN  2,89?  -25.4 

MJCMj.CT  2,142  _-V,4 

"jm|tS  ::::::  :::::: 

GE“ANT  ......  ...... 

VAN  HOOYEN  ......  ...... 

GtOM,  MEAN  2,142  .9,4 


PUB, 

1,000 


0.541 

1.000 


NC 

uwc 


0,000 


0,000 
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TVi  «  *■ 

«M*’  6 
U  :  * 

S  A*-  l 

$A«‘  t. 


SAK- 


Table  B3«. 


fRAVkL 

5  A  y 

!  t  .  cT'ARSF  NATi  kAi.  1>*Y 

.  •  5  U  P  »  lK  ,L".-  a 

\f:  Alta  ■  Y  f  .  ?  1  A  AW  • 

w  *  A  r o  CL  m 
M*II  ■  u  a 

<>.000  C  AQ  1 1  01  , 

2.000  C^Olfol? 

I'PV 

f  f**|TV 
1  .  H 5 


*»f1*u*  v  COMPUTED 


J  -AMt* 
PI;  V#jtS 
»UJ  *fc  V  *  J  k  A 
pf  SI  btlil 

au%f  t-SPf  P» 

aktbTks 
JOMA^Sk  K 
"F  VKili 
AW  Pf  VMkS 

...lUWVt 

ik>k!|p 

AOJ  nf  v*lkb 
•  f  SI >  Tim 

a*»m  i*4**i  i« 


MU'1"' 

.  0.0. » 

«»  *  0. 

,01* 

*tX*oO  r 

computed 

n|VlATf06 

(VCtCCMT) 

'll;! 

901, 

IAT. 

I:!1S 

»|t«L|y 
«C  .tv 
S.lt. 

lilS 

VAM  ■flftYfN 
MOM.  MEAN 

M|C*L|Y 

MC  3AU 

iMiT“ 
f Cm amt 

0.1*4 

14.3 

1  459 
2:737 
0.346 

419  ? 
750 ‘.3 
-4,9 

0  27o 
Q'.OQO 

..2U2 

MlCrLFY 

"MW 

OImANT 
wAm  «OQYfM 
iCOM.  MEAN 

1  ,7*7 

H  ?* 

0.4*1 

344.4 

613  3 
-*«.* 

22.7 

0.237 

0.000 

o 

o 


o,eoo 

o.ooo 


Table  B40. 


J-  KA%Sf  »•  *■  A  -0  SAT  OnY 


TY*1  .  I  n:  SA»  ,  « it:>e  ;k  p«  y 

K  MU  a  ,  »‘v  •  Tfc.  p  m  U  '.*‘1  «,  * 

AW  E  *  •-  ''yf*  Altf  «  ♦  it?**  A  u  • 


\».9»»\>  CL  ■ 
✓  .6*0  * "  • 


0  » OOQ  CSQUOS  • 
i.  ooo  CSOWftf?  ■ 


'MU'1"' 


0.075  A  A  •  0.026 


S*M< 
SAM*  i 


J.l  ;  «TUH| 

c*1 

.'»U 


Hi 


,53* 


40J 


.€t*i>0  a  COwPCTEn  PfVtAT 


AiRSfkK 
jOHAN^kr- 
rsf  V«Jtb 
of  Yrfff* 
BA 51 5TU* 
AUK J I*SN]TN 


?««»?? 


m 

«  .395 


:l:i S 

TJ.> 

36.3 

16.5 


*77*0*  r  C(>MPUTID 


NJCALfY 
Me  4AU 
SMITH 
IfMAPT 
V AH  tOOY|N 
6f OM ,  MEAN 


1.553 

2.471 

0.159 


0.344 


13.3 


If!; 

o  .Sio 


*c 

r.u 

0.000 


Table  B41. 


jr**ANSr..  mnSHl-O  Ru<.(  puv  out 
TYVl  '  *  V  III  COARSE  CRUSH  vn  nRY 


RMV*  • 
KU  *  •» 

',?>  U*p  ■  iv  /*»•  «i  ■ 

1/.57I*  Mtr  ■  t  2.?<*4  3v  • 

r.iJS  54 : 

S:888  flSHII**/ 

Y!lo'L"' 

•  0.069 

*4  »  0.024 

S*M>  1.  - 

SAM*  Vf 

AUj^TURk  UP  Y  K  "uSUMpn 

tu ’5^o  *(r.m 

Mf 1 nUP  A 

Kl RSTk^ 

COMPUTER  OEVtATiOS 
<  P|"CE"T) 

METHOD  a 
MlCALfY 

COMPUTED 

OlV.ATtOM  POI. 

I'lM 

PC 

«?«00 

JCNANItK 

O.ZJJ  '1*.J 

MC  SAW 

1.699 

in.)  0.000 

0.000 

>00  si  «ssii 

l:IK  :?H 

j.m 

•ESISTuX 
AUNt l-SMITH 

S:m  -i!:« 

Y*M  tOOVEM 
«E0M.  MEAN 

-43.1 

•  MU  * 

/.?})  TfcMp  *  ^4  4flj  W  m 

y  000  CSOUOS  •  • 

s:ooo  csouoi?  ■ 

*  0,063 

•4  •  0  026 

AW  *  t 

W.3/U  >IU  ■  ♦  2  •  2 1  i*  AW  ■ 

^.450  A U  a 

SA«»  li 
SAM*  L  ‘ 

YM|STI'9f  UBY  y  KFASURfcD 

CW.!E*»t  rEAAJeV 

j»/»>  1 ,6t'i 

*»»snfc 

JOMANSkN 

[OMPUTf.  fljjjjj0* 

0.356  »10.7 

»fi»oe  « 

"M«tR 

COMPUTED 

J;I5I 

0|V|»Tl0«  *0«. 

1  III 

m 

n  VHfkS 
AO  J  0*  VRII4 
•  FSIStCiR 
AUM| t-SMJ  TH 

0.230  -32.il 

:H:-I 

smith 
V.H  US»« 

Of OM  MEAN 

-25, i 

o.*oi 

•40.5 
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A  facsimile  catalog  card  in  Library  of  Congress  MARC 
format  is  reproduced  below. 
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